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MASTER ACTIVATORS OF PATHOGEN RESPONSIVE GENES 

5 

Background of the Invention 
The invention relates to plant disease resistance. 
Despite recent progress in understanding the genetic control of plant 
resistance to pathogens, little progress has been reported in the identification and 
10 analysis of key regulators of pathogen resistance. Characterization of such genes 
would allow for the genetic engineering of plants with a variety of desirable traits. 
The present invention addresses these and other needs: 



Summary of the Invention 

15 In one aspect, the invention features a method of enhancing resistance to a 

plant pathogen in a plant, the method including the steps of: (a) providing a plant 
cell that expresses an isolated nucleic acid molecule (e.g., a DNA molecule) 
encoding a kinase domain of a MAPKK polypeptide; and (b) regenerating a plant 
from the plant cell wherein the isolated nucleic acid molecule is expressed in the 

20 plant, and wherein the plant has enhanced resistance to a plant pathogen compared 
to a corresponding untransformed plant. In preferred embodiments, the plant is a 
dicot (e.g., a crucifer such as Arabidopsis) or a monocot. In other preferred 
embodiments, the kinase domain is constitutively active. And in still other 
embodiments, the MAPKK polypeptide is MKK4 or MKK5. Preferably, the 

25 MAPKK polypeptide activates a gene involved in a pathogen defense response (for 
example, PALI, GST1, WRKY29, or PR1 genes). 

In another aspect, the invention features a method of enhancing resistance to 
a plant pathogen in a plant, the method including the steps of: (a) providing a plant 
cell that expresses an isolated nucleic acid molecule (e.g., a DNA molecule) 

30 encoding a kinase domain of a MAPKKK polypeptide; and (b) regenerating a plant 
from the plant cell wherein the isolated nucleic acid molecule is expressed in the 
plant, and wherein the plant has enhanced resistance to a plant pathogen compared 
to a corresponding untransformed plant. In preferred embodiments, the plant is a 
dicot (e.g., a crucifer such as Arabidopsis) or a monocot. In preferred embodiments, 
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the kinase domain is constitutively active, for example, a truncated form of an 
MAPKKK polypeptide. Preferably, the MAPKKK polypeptide is MEKK1 or 
ANP1 . In other preferred embodiments, the MAPKKK polypeptide activates a gene 
involved in a pathogen defense response (for example, genes such as the PALI, 
5 GST1, WRKY29, or PR1). 

In yet another aspect, the invention features a method of enhancing 
resistance to a plant pathogen in a plant, the method including the steps of: (a) 
providing a plant cell that expresses an isolated nucleic acid molecule (e.g., a DNA 
molecule) encoding a polypeptide having substantial identity to a WRKY 
10 polypeptide; and (b) regenerating a plant from the plant cell wherein the isolated 
nucleic acid molecule is expressed in the plant, and wherein the plant has enhanced 
resistance to a plant pathogen compared to a corresponding untransformed plant. In 
preferred embodiments, the plant is a dicot (e.g., a crucifer such as Arabidopsis) or a 
monocot. In preferred embodiments, the WRKY polypeptide (such as a WRKY29 
15 or WRKY22 polypeptide) induces its own gene expression. 

In another aspect, the invention features an isolated nucleic acid molecule 
having a nucleotide sequence for a gene promoter that initiates pathogen-inducible 
transcription in a plant cell, wherein the nucleotide sequence is selected from the 
group consisting of: (a) a nucleotide sequence including the sequence set forth in 
20 Figures 15 or 16; (b) a nucleotide sequence including at least 40 contiguous 
nucleotides of the sequence set forth in Figures 15 or 16; and (c) a nucleotide 
sequence that has at least about 70% sequence identity to a sequence set forth in (a) 
or (b). 

In another aspect, the invention features a method for expressing a 
25 heterologous nucleotide sequence in a plant, the method including transforming a 
plant cell with a DNA construct including the heterologous nucleotide sequence 
operably linked to a promoter that is capable of initiating transcription in a plant cell 
and regenerating a stably transformed plant from the plant cell, wherein the 
promoter includes a nucleotide sequence selected from the group consisting of: (a) a 
30 nucleotide sequence including the sequence set forth in Figures 15 or 16; (b) a 

nucleotide sequence including at least 40 contiguous nucleotides of the sequence set 
forth in Figures 15 or 16; and (c) a nucleotide sequence that has at least about 70% 
sequence identity to a sequence set forth in (a) or (b). 
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In general, the kinase domain used in the methods or plants (e.g., transgenic 
plants or plants that are bred using a transgenic plant) of the invention is generally 
expressed by itself, as a MAPKKK polypeptide or a MAPKK polypeptide or kinase 
domain-containing fragment thereof, or as part of a genetically engineered chimeric 
5 polypeptide. Useful kinase domains include those that are capable of activating a 
gene involved in a plant defense response. Exemplary kinase domains include, 
without limitation, those that are substantially identical to the kinase domains of 
NPK1 or an ANP (e.g., ANP1, ANP2, or ANP3) or AtMEKKl or MEKK4 or 
MEKK5. 

10 Preferably, the methods and plants of the invention specifically utilize the 

kinase domain of NPK1 or ANP1 . In other preferred embodiments, a full-length 
MAPKKK polypeptide or a kinase domain-containing fragment thereof that is 
substantially identical to any one of NPK1, ANP1, ANP2, or ANP3 is utilized. 

The DNA encoding the constitutively active kinase domain is, in general, 
15 constitutively expressed, as is described herein. However, if desired, the kinase 
domain is inducibly expressed, or such a domain is expressed in a cell-specific, 
tissue-specific, or organ-specific manner. 

In addition, WRKY polypeptides (such as WRKY29 and WRKY22) are 
expressed to activate plant pathogen defense responses. 
20 Exemplary plants which are useful in the methods of the invention, as well as 

for generating the plants (or plant cells, plant components, plant tissues, or plant 
organs) of the invention, include dicots and monocots, such as sugar cane, wheat, 
rice, maize, sugar beet, barley, manioc, crucifer, mustard, potato, soybean, sorghum, 
cassava, banana, grape, oats, tomato, millet, coconut, orange, rye, cabbage, apple, 
25 grape, eggplant, watermelon, canola, cotton, carrot, garlic, onion, pepper, 

strawberry, yam, papaya, peanut, onion, legume, bean, pea, mango, and sunflower. 

By "polypeptide" is meant any chain of amino acids, regardless of length or 
post-translational modification (for example, glycosylation or phosphorylation). 

By "substantially identical" is meant a polypeptide or nucleic acid exhibiting 
30 at least 40%, preferably 50%, more preferably 80%, and most preferably 90%, or 
even 95% sequence identity to a reference sequence (for example, the amino acid 
sequences of the kinase domains or full-length MAPKKK polypeptides of NPK1, 
MEKK1, ANP1, ANP2, or ANP3 or to their respective nucleic acid sequences, a 
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MAPKK polypeptides of MKK4 and MKK5 or to their respective nucleic acid 
sequences, or a to a WRKY polypeptide such as WRKY29 or WRKY22 or to their 
respective nucleic acid sequences). 

For polypeptides, the length of comparison sequences will generally be at 
5 least 16 amino acids, preferably at least 20 amino acids, more preferably at least 25 
amino acids, and most preferably 35 amino acids or greater. For nucleic acids, the 
length of comparison sequences will generally be at least 50 nucleotides, preferably 
at least 60 nucleotides, more preferably at least 75 nucleotides, and most preferably 
110 nucleotides or greater. 

10 Sequence identity is typically measured using sequence analysis software 

(for example, Sequence Analysis Software Package of the Genetics Computer 
Group, University of Wisconsin Biotechnology Center, 1710 University Avenue, 
Madison, WI 53705, BLAST, FastA, or PILEUP/PRETTYBOX programs). Such 
software matches identical or similar sequences by assigning degrees of homology 

15 to various substitutions, deletions, and/or other modifications. Conservative 

substitutions typically include substitutions within the following groups: glycine 
alanine; valine, isoleucine, leucine; aspartic acid, glutamic acid, asparagine, 
glutamine; serine, threonine; lysine, arginine; and phenylalanine, tyrosine. 

By "obtained from" is meant isolated from or having the sequence of a 

20 naturally-occurring sequence (e.g., a cDNA, genomic DNA, synthetic DNA, or 
combination thereof). 

By "isolated nucleic acid molecule" is meant a nucleic acid molecule (e.g., a 
DNA molecule) that, is free of the genes which, in the naturally-occurring genome 
of the organism from which the nucleic acid of the invention is derived or obtained 

25 from, flank the gene. The term therefore includes, for example, a gene or fragment 
thereof that is incorporated into a vector; into an autonomously replicating plasmid 
or virus; or into the genomic DNA of a prokaryote or eukaryote; or that exists as a 
separate molecule (for example, a cDNA or a genomic or cDNA fragment produced 
by PCR or restriction endonuclease digestion) independent of other sequences. It 

30 also includes a nucleic acid which is part of a hybrid gene encoding additional 
polypeptide sequence. 

By "transformed cell" is meant a cell into which (or into an ancestor of 
which) has been introduced, by means of recombinant DNA techniques, a DNA 
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molecule encoding (as used herein) a MAPKKK kinase domain (e.g., NPK1, 
MEKK1, ANP1, ANP2 5 or ANP3); a MAPKK polypeptide (e.g., MKK4 and 
MKK5); or a WRKY polypeptide (e.g., WRKY29 or WRKY22). 

By "reporter gene" is meant a gene whose expression may be assayed; such 
5 genes include, without limitation, p -glucuronidase (GUS), luciferase (LUC), 
chloramphenicol transacetylase (CAT), green fluorescent protein (GFP), and (3- 
galactosidase. 

By "a promoter functional in a plant cell" is meant any minimal sequence 
sufficient to direct transcription in a plant cell. Included in the invention are 
10 promoter elements that are sufficient to render promoter-dependent gene expression 
controllable for cell-, tissue-, or organ-specific gene expression, or elements that are 
inducible by external signals or agents (for example, light-, pathogen-, wound-, 
stress-, or hormone-inducible elements or chemical inducers) or elements that are 
capable of cycling gene transcription; such elements may be located in the 5' or 3' 
1 5 regions of the native gene or engineered into a transgene construct. 

By "operably linked" is meant that a gene and a regulatory sequence(s) are 
connected in such a way as to permit gene expression when the appropriate 
molecules (for example, transcriptional activator proteins) are bound to the 
regulatory sequence(s). 
20 By "plant cell" is meant any self-propagating cell bounded by a semi- 

permeable membrane and containing a plastid. Such a cell also requires a cell wall 
if further propagation is desired. Plant cell, as used herein, includes, without 
limitation, algae, cyanobacteria, seeds, suspension cultures, embryos, meristematic 
regions, callus tissue, leaves, roots, shoots, gametophytes, sporophytes, pollen, and 
25 microspores. 

By "plant component" is meant a part, segment, or organ obtained from an 
intact plant or plant cell. Exemplary plant components include, without limitation, 
somatic embryos, leaves, stems, roots, flowers, tendrils, fruits, scions, and 
rootstocks. 

30 By "crucifer" is meant any plant that is classified within the Cruciferae 

family. The Cruciferae include many agricultural crops, including, without 
limitation, rape (for example, Brassica campestris and Brassica napus), broccoli, 
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cabbage, brussel sprouts, radish, kale, Chinese kale, kohlrabi, cauliflower, turnip, 
rutabaga, mustard, horseradish, and Arabidopsis. 

By "transgene" is meant any piece of DNA which is inserted by artifice into 
a cell, and becomes part of the genome of the organism which develops from that 
5 cell. Such a transgene may include a gene which is partly or entirely heterologous 
(i.e., foreign) to the transgenic organism, or may represent a gene homologous to an 
endogenous gene of the organism. 

By "transgenic" is meant any cell which includes a nucleic acid sequence 
(e.g., a recombinant DNA sequence) which is inserted by artifice into a cell and 
10 becomes part of the genome of the organism which develops from that cell. As used 
herein, the transgenic organisms are generally transgenic plants and the DNA 
(transgene) is inserted by artifice into the nuclear or plastidic genome. 

By "pathogen" is meant an organism whose infection of viable plant tissue 
elicits a disease response in the plant tissue. Such pathogens include, without 
15 limitation, bacteria, mycoplasmas, fungi, oomycetes, insects, nematodes, viruses, 
and viroids. Examples of such plant diseases caused by these pathogens are 
described in Chapters 1 1-16 of Agrios, Plant Pathology, 3rd ed., Academic Press, 
Inc., New York, 1988. 

Examples of bacterial pathogens include, without limitation, Erwinia (for 
20 example, E. carotovord), Pseudomonas (for example, P. syringae), and 
Xanthomonas (for example, X campepestris and X oryzae). 

Examples of fungal or fungal-like disease-causing pathogens include, 
without limitation, Alternaria (for example, A. brassicola and A. solani), Ascochyta 
(for example, A. pisi), Botrytis (for example, B. cinerea), Cercospora (for example, 
25 C. kikuchii and C. zaea-maydis\ Colletotrichum sp. (for example, C. 

lindemuthianum), Diplodia (for example, D. maydis\ Erysiphe (for example, E. 
graminis f.sp. graminis and E. graminis f.sp. hordei), Fusarium (for example, F. 
nivale and F. oxysporum^ F, graminearum, F. solani, F. monilforme, and F. 
roseum), Gaeumanomyces (for example, G. graminis f.sp, tiitici), Helminthosporiwn 
30 (for example, K turcicum, H. carbonum, and H. maydis% Macrophomina (for 
example, M. phaseolina and Maganaporthe grised), Nectria (for example, N. 
heamatocacca), Peronospora (for example, P. manshurica, P. tabacind), Phoma 
(for example, P. betae\ Phymatotrichum (for example, P. omnivorum), 



WO 02/072782 



PCT/US02/07650 



Phytophthora (for example, P. cinnamomi, P- cactorum, P. phaseoli, P. parasitica, 
P. citrophthora, P. megasperma f.sp. sojae, and P. infestans), Plasmopara (for 
example, P. viticola), Podosphaera (for example, P. leucotricha), Puccinia (for 
example, P. sorghi, P. striiformis, P. graminis f.sp. tritici, P. asparagi, P. recondita, 
5 and P. arachidis), Puthium (for example, P. aphanidermatum), Pyrenophora (for 
example, P tritici-repentens), Pyricularia (for example, P oiyzed), Pythium (for 
example, P. ultimum), Rhizoctonia (for example, i?. solani and 7?. cerealis), 
Scerotium (for example, 5. rolfsii), Sclerotinia (for example, 5. sclerotiorum), 
Septoria (for example, 5. lycopersici, S. glycines, S. nodorum and 5. tritici), 
10 Thielaviopsis (for example, T. basicola), Uncinula (for example, 17. necator), 

Venturia (for example, K inaequalis), and Verticillium (for example, K dahliae and 
K albo-atmni). 

Examples of pathogenic nematodes include, without limitation, root-knot 
nematodes (for example, Meloidogyne sp. such as M. incogjiita, M. arenaria, M. 

15 chitwoodi, M. hapla, M, javanica, M. graminocola, M. microtyla, M, graminis 9 and 
M. naasi), cyst nematodes (for example, Heterodera sp. such as H. schachtii, H. 
glycines, K saccharic H. oiyzae, H. avenae, H. cajani, H. elachista, H. goettingiana, 
H. graminis, H. mediterranean H. mothi> H. sorghi, and H. zeae, or, for example, 
Globodera sp. such as G. rostochiensis and G. pallida), root-attacking nematodes 

20 (for example, Rotylenchulus reniformis, Tylenchuylus semipenetrans, Pratylenchus 
brachyurus, Radopholus citrophilus, Radopholus similis, Xiphinema americanum, 
Xiphinema rivesi, Paratrichodorus minor, Heterorhabditis heliothidis, and 
Bursaphelenchns xylophilus), and above-ground nematodes (for example, Anguina 
funesta, Anguina tritici, Ditylenchus dipsaci, Ditylenchus myceliphagus, and 

25 Aphenlenchoides besseyi). 

Examples of viral pathogens include, without limitation, tobacco mosaic 
virus (TMV), tobacco necrosis virus (TNV), potato leaf roll virus, potato virus X, 
potato virus Y, tomato spotted wilt virus, and tomato ring spot virus. 

By "enhanced resistance to a plant pathogen" is meant a level of resistance to 

30 a disease-causing pathogen in a non-naturally occurring plant (or cell or seed 

thereof) which is greater than the level of resistance in a control plant (for example, 
a non-transgenic plant or wild-type). In preferred embodiments, the level of 
resistance in a non-naturally occurring transgenic plant of the invention is at least 
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5% to 20% (and preferably 30% or 40%) greater than the resistance exhibited by a 
control plant. In other preferred embodiments, the level of resistance to a disease- 
causing pathogen is 50% greater, 60% greater, and more preferably even 75% or 
90% greater than a control plant; with up to 100% or greater above the level of 
5 resistance as compared to a control plant being most preferred. The level of 
resistance is measured using conventional methods. For example, the level of 
resistance to a pathogen may be determined by comparing physical features and 
characteristics (for example, plant height and weight) or by comparing disease 
symptoms (for example, delayed lesion development, reduced lesion size, leaf 

10 wilting and curling, water-soaked spots, amount of pathogen growth, and 

discoloration of cells) of the non-naturally occurring plant (e.g., a transgenic plant). 

By "detectably-labeled" is meant any direct or indirect means for marking 
and identifying the presence of a molecule, for example, an oligonucleotide probe or 
primer, a gene or fragment thereof, or a cDNA molecule or a fragment thereof. 

15 Methods for detectably-labeling a molecule are well known in the art and include, 
without limitation, radioactive labeling (for example, with an isotope such as 32 P or 
35 S) and nonradioactive labeling (for example, fluorescence of chemiluminescent 
labeling, for example, fluorescein labeling). 

The invention provides for increased production efficiency, as well as for 

20 improvements in quality and yield of crop plants and ornamentals. Thus, the 

invention contributes to the production of high quality and high yield agricultural 
products; for example, fruits, ornamentals, vegetables, cereals, and field crops. 
Genetically-improved seeds and other plant products that are produced using plants 
expressing the genes and methods described herein also render farming possible in 

25 areas previously unsuitable for agricultural production. The invention further 

provides a means for mediating the expression of pathogen defense response genes 
(e.g., GST1, PAL, WRKY29, and PR1 ) that enable a plant to resist its pathogens. 
For example, transgenic plants constitutively expressing a kinase domain of a 
MAPKKK or MAPKK, or a WRKY polypeptide are capable of turning on a plant's 

30 pathogen defense transduction pathway by activating the expression of plant 
pathogen defense regulatory pathways. 

As discussed above, MAPK activation is responsible for providing plants 
with the ability to protect themselves against pathogens have been identified. 
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Accordingly, the invention provides a number of important advances and advantages 
for the protection of plants against their pathogens. For example, expression of such 
genes inplanta, as described herein, facilitates an effective and economical means 
for in-plant protection against plant pathogens. Such protection against pathogens 
5 reduces or minimizes the need for traditional chemical practices (for example, 
application of fungicides, bactericides, nematicides, insecticides, or viricides) that 
are typically used by famiers for controlling the spread of plant pathogens and 
providing protection against disease-causing pathogens. 

The invention further provides a means for mediating the expression of 
10 pathogenesis-related proteins, for example, GST, that confers resistance to plant 
pathogens. For example, transgenic plants constitutively producing an MAPK 
cascade gene product (e.g., a MAPKKK, MAPKK, or WRKY polypeptide) are 
capable of activating PR gene expression, which in turn confers resistance to plant 
pathogens. Collective PR gene expression that is mediated by expression of a 
1 5 MAPK cascade polypeptide (e.g., a MAPKKK, MAPKK, or WRKY polypeptide) 
obviates the need to express individual resistance genes as a means to promote plant 
defense mechanisms. 

Moreover, constitutively active derivatives of MAPKKKs (e.g., MEKK1 and 
ANP1) and MAPKKs (e.g., MKK4 and MKK5) can activate the PALI, GST1, and 
20 WRKY 2 9 and PR J gene promoters. Thus, MEKKI, ANP 1 , MKK4 and MKK5 (and 
their orthologs in other plants) activate the same MAPK cascades. These PKs are 
therefore reasonable targets for transgenic plant manipulation to generate 
agronomically valuable traits, such as broad-spectrum pathogen resistance. The 
PALI gene encodes phenylalanine ammonia lyase that functions at a universal key 
25 step for the biosynthesis of salicyclic acid and phytoalexins (anti-pathogen 

hormones and chemicals). The expression of GST1 (glutathione S-transferase) is 
important for the protection and detoxification of cells during pathogen infection. 
The activation of the WRKY29 (a transcription activator and DNA binding protein 
for the W box) provides a positive feedback loop for the regulation of PALI and 
30 GST1 genes. The PR1 protein has an important anti-pathogen activity. 

Other features and advantages of the invention will be apparent from the 
following description of the preferred embodiments thereof, and from the claims. 
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Brief Description of the Drawings 
The drawings will first be described. 

Figure 1 shows a MAPK signaling pathway leading to WRKY29. 
Figure 2 shows a schematic diagram of the Arabidopsis WRKY29 
5 polypeptide, including the WRKY domain and its W box target sequence. 

Figure 3 shows that Flg22 induces WRKY29 in Arabidopsis protoplasts. 
Figure 4 shows the MKK4 cDNA sequence and its predicted amino acid 
sequence. 

Figure 5 shows the strategy used to render MKK4 constitutively active. 
10 Figure 6 shows the MKK5 cDNA sequence and its predicted amino acid 

sequence. 

Figure 7 shows the strategy used to render MKK5 constitutively active. 

Figure 8 shows the alignment of MKK4 and MKK5 polypeptides. 

Figure 9 shows that constitutively active AtMEKKl induces WRKY29. 
15 Figure 10 shows that constitutively active AtMKK4 induces WRKY29. 

Figure 1 1 shows that WRKY29 induces its own promoter. 

Figure 12 shows that WRKY29 regulates early defense genes. Pall refers to 
phenylalanine ammonia lyase; FRK1 refers to the flg22 induced receptor-like 
kinase; GST1 refers to glutathione S-transferase 1; and GST6 refers to glutathione 
20 S-transferase 6. 

Figure 13 shows a schematic diagram of the Agrobacterium-mediated 
transient transfection protocol. 

Figure 14 shows that transient expression of WRKY29 reduces susceptibility 
to Pseudomonas syringae. 
25 Figure 15 shows the pathogen-inducible WRKY29 gene promoter fragment. 

Figure 16 shows the pathogen-inducible WRKY22 gene promoter fragment. 

Figures 17A-D show the early defense gene activation by flg22. Figure 17A 

shows a RT-PCR analysis. Protoplasts were preincubated for one hour with (+) or 

without (-)10 jllM CHX, and then treated without or with 100 nM flg22. Figure 17B 

30 shows the involvement of MAPK. Transfected protoplasts were preincubated for 

one hour with 1 jaM staurosporine (ST) or with 1 |liM U0126 before induction by 

100 nM flg22 for four hours. Figure 17C shows the FLS2 requirement. Protoplasts 

isolated from wild-type (F) and fls2-24 mutant (/) leaves were transfected with an 

10 
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effector plasmid expressing GFP (-) or FLS2. Transfected protoplasts were 
incubated for nine hours first before incubation with or without 100 nM flg22 for 
four hours. Figure 17D shows MKP1 suppression. Protoplasts were transfected with 
an effector plasmid expressing GFP (-) or MKP1. 
5 Figures 18A-D show that Flg22 activates MPK3 and MPK6 through FLS2. 

Figure 18A shows that Flg22 activates endogenous MBP kinases. Protoplasts were 
treated with 1 |aM flg22 (+) or water (-). Figure 18B shows that Flg22 activates 
MPK3 and MPK6. MAPK activation with or without 100 nM flg22 for 10 minutes 
(top). Expression of each MAPK (2, 3, 5, 6, 7 or 9) protein was verified by 
10 [ 35 S]methionine labeling and immunoprecipitation (bottom). Figure 18C shows that 
Flg22 activation of MPK3 and MPK6 requires FLS2. A HA-tagged MAPK (3 or 6) 
was coexpressed with a wild-type (FLS2) or kinase-inactive (FLS2 Km) flagellin 
receptor with a HA tag mfls2-24 protoplasts. MAPK activities (top) and FLS2 
(middle) and MAPK (bottom) protein levels are shown. Control experiment was 
15 performed with wild-type (Wt) protoplasts. Figure 18D shows that MKP1 abolishes 
flg22 activation of MPK3 and MPK6. MAPK activity (top), and MAPK (middle), 
and MKP1 (bottom) protein levels are shown. 

Figures 19A-E show the MKK4 and MKK5 activation of MPK3 and MPK6 
and the flg22-inducible early defense genes. Figure 19A shows that MKK5 
20 activates MPK3 and MPK6. Protoplasts were transfected with plasmids expressing 
MAPK (2, 3, 5, 6, 7 or 9) and wild-type MKK5 (w) or constitutively active MKK5 
mutant (a). MAPK activity (top) and MAPK (middle), and MAPKK protein levels 
are shown (bottom). Asterisk indicates a background band. Figure 19B shows that 
MKK4 and MKK5 are redundant for MPK3 and MPK6 activation. Protoplasts were 
25 transfected with plasmids expressing MAPK (3 or 6) and one of four MYC-tagged 
and constitutively active MAPKK mutants (1, 2 ? 4, or 5) or a control plasmid (-). 
MAPK activity (top), MAPK (middle) and MAPKK (bottom) protein levels are 
shown. Figure 19C shows that MKK4a and MKK5a activate WRKY29 and FRK1 
promoter activity. Protoplasts were expressing GFP (-) or a constitutively active 
30 MKK (1, 2, 4, or 5). Figure 19D shows that dominant-negative mutants of MKK4 
and MKK5 partially inhibit flg22 activation of the WRKY29 and FRK1 promoters. 
Protoplasts were expressing GFP (-) or a kinase-inactive mutant of MKK4 or MKK5 
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(4 or 5). Figure 19E shows that MKK4 and MKK5 act downstream of FLS2. Wild- 
type (FLS2) wAfls2-24 (fls2) protoplasts were expressing GFP (-) or a 
constitutively active mutant of MKKs. 

Figures 20A-D show that MEKK1 initiates the flg22 MAPK cascade. Figure 
5 20A shows that constitutively active MEKK1 activates MKKS. Protoplasts were 
expressing wild-type MKKS or a control plasmid (-), and one of four HA-tagged 
constitutively active MAPKKKs (kinase domain) or a control plasmid (-). MKKS 
activity based on GST-MPK6Km as a substrate (top) and MAPKKK (middle) and 
MAPKK (bottom) protein levels are shown. Figure 20B shows that constitutively 

10 active MEKK1 induces the WRKY29 and FRK1 promoters. Protoplasts were 

expressing GFP (-) or constitutively active MEKK1 (M) or CTR1 (C). Figure 20C 
shows that MEKK1 acts downstream of FLS2. Protoplasts were isolated from wild- 
type (FLS2) and mutant (fls2) leaves. Figure 20D shows that dominant-negative 
mutant of MEKK1 inhibits flg22 activation of the WRKY29 and FRK1 promoters. 

1 5 Protoplasts were expressing a kinase inactive mutant of the full-length MEKK1 
(MEKKlin). 

Figures 21A-F show that the flg22 MAPK cascade and WRKY29 are 
important for Arabidopsis defense signaling. Figure 21 A shows that WRKY29-GFP 
is localized in the nucleus. Visualization of protoplasts expressing WRKY29-GFP 

20 (top), a red-fluorescent nuclear marker (middle), and super-imposition (bottom), in 
the absence of flg22. Figure 21B shows that WRKY22 and WRKY29 activate early 
defense genes. Protoplasts were expressing GFP (-), WRKY29 ("29"), WRKY22 
("22") or WRKY42 ("42"). Figure 21 C shows that WRKY29 acts downstream of 
FLS2. Protoplasts were solated from wild-type (FLS2) and mutant (Jls2) leaves. 

25 Figure 21D shows Hxat Arabidopsis leaves expressing AMEKK1, MKK4a, MKKSa, 
or WRKY29 exhibited reduced disease symptoms after P. syringae (Ps) infection. 
The control leaves were infiltrated with 10 mM MgSC>4 (Mg). Figure 21E shows 
Arabidopsis leaves expressing AMEKK1, MKK4a 3 or WRKY29 exhibit reduced 
disease symptoms after B. cinerea infection. The right half of each leaf was infected 

30 with B. cinerea. Figure 2 IF shows the early stage of B. cinerea development was 
inhibited on leaves expressing MKK4a. On MKK la-expressing leaves (MKKla), 
germinated spores (s) of B. cinerea formed superficial hyphae (h) and branched 
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appressoria (a) two days after infection. The fungal spores (s) formed only germ 
tubes (gt) on MKK4a-expressing leaves (MKK4a). Bars: 50 jjM. 

Figure 22 shows a model of innate immune signaling activated by LRR 
receptors in Arabidopsis, mammals, and Drosophila. A putative repressor (R) could 
5 control WRKY22 and WRKY29 activity since their overexpression bypasses the 
requirement of elicitors. The conserved signaling pathways for innate immune 
responses in animals are summarized based on recent reviews on mammals and 
Drosophila. 

10 Detailed Description 

MAPK cascades are, in general, conserved in eukaryotes. Genome sequence 
comparisons and molecular analysis of signal transduction pathways have revealed 
the existence of conserved MAPK signaling cascades in eukaryotes that connect 
environmental and developmental signals to the activation of a variety of species- 

15 specific downstream genes. Extensive studies have revealed the functions of five 
yeast MAPKs in stress, pheromone, and nutrient responses. Based mostly on 
analysis in cellular systems, four distinct classes of animal MAPKs have been 
shown to participate in signaling pathways triggered by growth regulators, 
neurotransmitters, cytokines, and diverse stresses. It appears likely that additional 

20 MAPK signaling pathways will be identified. BLAST searches of DNA databases 
that have been conducted using a conserved signature motif that covers the 
phosphorylation site TXY of MAPKs identified relatively large families of putative 
MAPK genes in yeast (6 genes), C. elegans (17 genes), mouse (17 genes), human 
(27 genes), and Arabidopsis (18 genes). In the case of Arabidopsis, there are at least 

25 7 putative MAPKK genes and 29 MAPKKK genes. Homologs of many of these 
genes can be found in other plant species. However, the functions of most of these 
putative MAPK cascade components have not been determined. As is detailed 
herein, several of these genes are actively involved in regulating the expression of 
pathogen defense mechanisms. 

30 For cell signaling, down regulation of the MAPK activity is just as important 

as its up regulation. Inactivation of MAPK can be achieved through 
dephosphorylation of crucial protein tyrosine and threonine residues by dual- 
specificity MAPK phosphatases (MKPs), protein tyrosine phosphatases (PTPs), and 
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serine/threonine protein phosphatases PP2C. Homologs of MKP, PTP and PP2C 
genes have been identified in yeast, C. elegans, Arabidopsis, and mammals. 
Depending on their tissue specificity, mode of induction, subcellular localization, 
and substrate preferences, each PP might participate in the repression of a specific 
5 MAPK activity. Signals that activate MAPKs can often activate the transcription of 
MKPs or PTPs, that might be important for the negative feedback regulation of the 
MAPK pathways. The roles of most plant MKPs, PTPs, and PP2Cs in MAPK 
cascades are unknown. 

As is detailed below, an Arabidopsis protoplast transient expression assay 

10 and four reporter genes have been used to identify protein (PKs) that can activate the 
early pathogen response genes, GST1, PALI, and WRKY29, as well as a late 
response gene, PR1 . Constitutively active derivatives of two MAPKKKs (MEKK1 
and ANP1) and two MAPKKs (MEK4 and MEK5) activated the PA11, GST1, 
WRKY29 and PR1 gene promoters. Accordingly, MEKK1, ANP1, MEK4 and 

15 MEK5 activate the same MAPK cascades. These PKs are therefore reasonable 

targets for transgenic plant manipulation to generate agronomically valuable traits, 
such as broad-spectrum pathogen resistance. In particular, one MAPK cascade 
involving Flg22 peptide-mediated defense responses has been examined (Figure 1). 
The overall strategy involved the identification and cloning of several Arabidopsis 

20 genes encoding MAPKs, MAPKKs, MAPKKKs, and WRKYs. Transient 

expression of epitope-tagged MAPKs, MAPKKs, and MAPKKKs were then used to 
determine which MAPK cascades respond to particular signals in Arabidopsis and 
maize protoplasts. Engineered MAPKKKs and MAPKKs designed to be 
constitutively active or act as dominant negative inhibitors, as well as WRKYs, were 

25 used to identify specific reporter genes associated with particular signaling 

pathways. Using this system, we have identified a complete plant MAPK cascade 
and WRKY transcription factors acting downstream of the flagellin receptor FLS2. 
The data presented below also indicate that this signaling pathway functions in 
response to both bacterial and fungal pathogens and could therefore be engineered to 

30 enhance the disease resistance of crop plants to a wide range of pathogens. 
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MAPK Activation in the Plant Defense Response 

In response to pathogenic microorganisms, plants induce a variety of cellular 
reactions. Among the reactions are the induction of rapid programmed cell death 
(PCD), known as the hypersensitive response (HR), and the transcriptional 
5 activation of many defense-related genes, including the early GST1 (glutathione S- 
transferase) and PALI (phenylalanine ammonia-lyase) genes, as well as the later 
pathogenesis-related (PR) genes. Activation of these defense responses is often 
governed by a specific "gene-for-gene" interaction between a plant resistance (R) 
gene and a pathogen avirulence (avr) gene. Despite significant insights into R gene 

1 0 structure as putative receptors, little is known about the signal transduction events 
following R-Avr interactions. The finding that two R gene products, tomato PTO 
and rice XA-21, contain a protein kinase domain suggest that protein 
phosphorylation might play a central role in R gene-dependent signal transduction. 
More recent studies have provided compelling evidence that MAPKs are likely 

1 5 involved in this signaling event. In tobacco, the N gene confers resistance to 

tobacco mosaic virus (TMV). It was demonstrated that two previously identified 
MAPKs, a SA-induced protein kinase (SIPK) and a wound-induced protein kinase 
(WIPK), were activated during infection by TMV. Importantly, WIPK activation by 
TMV depended on N since the activation was not detected in tobacco plants lacking 

20 the N gene. Similarly, treatment of tobacco suspension cells expressing the tomato 
R gene, Cf-9, with the corresponding avr gene product, Avr9, resulted in rapid 
activation of both tobacco SIPK and WIPK in a strictly gene-for-gene maimer. 

Involvement of MAPKs in plant defense signaling has also been 
demonstrated through the analysis of plant responses after non-specific elicitation 

25 with bacterial or fungal oligosaccharides, proteins, or peptides. Parsley cells 
recognize a fungal pathogen Phytophthora sojae through a plasma membrane 
receptor. A pathogen-derived oligopeptide elicitor binds to this receptor and thereby 
stimulates a multi-component defense responses. It was demonstrated that the 
elicitor activates a MAPK that is similar to tobacco WIPK. A regulatory function of 

30 a MAPK in defense gene induction has also been suggested in tobacco suspension 
cells, in which three fungal elicitors rapidly activate the SIPK. 

Another important virulence factor for bacteria that are pathogenic to 
animals and plants is the flagellum. It has been demonstrated that plants have a 
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highly sensitive chemoperception system for eubacterial flagellins, specifically 

targeted to the most highly conserved domain within its N terminus. Synthesis of 

this peptide (22 amino acids) creates a highly active elicitor called Flg22. In 

Arabidopsis seedlings, Flg22 elicits callose deposition, induction of PR genes, and 

5 growth inhibition. Synthetic peptides, carrying the corresponding flagellin 

sequences of bacteria that coexist intimately with plants such as Rhizobhim meliloti 

and Agrobacterium tumefaciens, fail to induce any defense responses. It was 

recently reported that, in Arabidopsis, one of the loci conferring Flg22 sensitivity 

encodes a putative transmembrane protein kinase with leucine-rich repeats, 

10 resembling the rice resistance gene XA-21 . As is demonstrated herein, the MAPK 

pathway is involved in Flg22 signaling. There now follow particular examples of 

the invention. These examples are provided for the purpose of illustrating the 

invention, and should not be construed as limiting. 

Example 1 : Cellular Systems for Functional Analysis of Plant Defense Gene 
15 Regulatory Pathways 

Two protoplast transient expression systems, such as the maize (Sheen, 
1999) or Arabidopsis (Kovtun et al, Proc. Natl Acad. ScL, USA 97:2940-5, 2000) 
leaf protoplast systems, are useful for examining regulation of plant defense 
mechanisms. Technical advances in these two systems, including high 

20 transformation efficiency by electroporation (up to 75%) or by PEG fusion (up to 
80%), specificity of reporter gene regulation, the use of improved green-fluorescent 
protein (GFP) as a vital and visual reporter (Chiu et al., Curr. Biol. 6, 325-30, 1996), 
PK and PP activity assays (Kovtun et al., Nature 395:716-720, 1998; Sheen, Proc. 
Natl Acad. Set, USA 95:975-980,1998; Kovtun et al., Proc. Natl Acad. Sci. f USA 

25 97:2940-5, 2000), and expression of putative signaling molecules with epitope- or 

GFP-tag and their detection by immunoprecipitation and confocal microscopy, make 
them especially attractive to examine MAPK cascades and the plant defense gene 
regulatory pathways. 

Because MAPK cascades are regulators of pathogen defense the 
30 manipulation of such MAPK cascades in plants provides new tools for crop 

improvement in disease resistance. Furthermore, the high degree of conservation of 
MAPK signaling pathways facilitates the transfer of knowledge learned in the 
Arabidopsis system to agricultural species. 
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Example 2: Flg22-induced Responses in Arabidovsis Protoplasts 
Activation or repression of the transcription of specific reporter genes can be 
used to monitor activation of particular signaling pathways. For example, Flg22 has 
been found to induce the expression of the GST1, PALI, and PAL2 promoters, 
5 MAPK activation was demonstrated in Arabidopsis protoplasts isolated from 4- 
week-old leaves. Here Flg22 or distilled water was added to the protoplasts and 
samples were assayed at different times to determine relative promoter activity. 
Defense gene promoters fused to a luciferase reporter gene were introduced into 
Arabidopsis protoplasts. The protoplasts were incubated for 16 hours in the 
10 presence of Flg22 and/or staurosporine, and luciferase activities were assayed. The 
number of viable cells in each sample was also determined at the end of the 
incubation by Evans blue staining and promoter activity was represented as a 
luciferase activity per viable cell. In the Flg22 experiment, the induction of all the 
promoters was effectively suppressed by staurosporine, a protein kinase inhibitor. 
1 5 However, the GST6 promoter was not induced by Flg22. 

Example 3: Flg22 induces WRKY29 in Arabidopsis protoplasts and a 
MAPK Signal Cascade 

Arabidopsis protoplasts treated Flg22 were evaluated for the expression of 
WRKY29 using standard reverse-transcription polymerase chain reaction analysis 

20 (RT-PCR). As shown in Figure 3, Flg22 was found to induce WRKY29. The 
structure of WRKY29 is shown in Figure 2. To determine whether, MAP kinase 
signaling is involved in WRKY29 induction, the induction of WRKY29 was 
monitored in the presence of U0126, a MAPKK inhibitor. RT-PCR analysis of 
WRKY29 induction showed that U0126 suppressed WRKY29 induction. 

25 Furthermore, Flg22 was found to activate MBP kinases. Further demonstrating the 

involvement of a MAPK cascade, mouse MAPK phosphatase 1 was found to 

suppress WRKY induction by Flg22. 

Example 4: Constitutivelv Active ANP1 and MEKK1 Activate PALL 
GSTLand WRKY29 

30 To determine whether ANP1 and MEKK1 were involved in activating plant 

defense response genes, the effect of a constitutively active ANP1 and MEKK1 on 
the activity of the PALI promoter was examined. These polypeptides were rendered 
constitutively active according to standard methods known in the art. It has been 
shown that MAPKKKs consist of a well-conserved kinase domain and putative 
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regulatory domains. Truncated or naturally occurring MAPKKKs carrying only the 

kinase domain have been shown to have constitutive kinase activity. The expression 

of the constitutively active ANP1 and MEKK1 was found to activate PALI gene 

expression. In addition, constitutively active ANP1 and MEKK1 was found to 

5 activate the GST1 and WRKY29 gene promoters (Figure 9). 

Example 5: Constitutively Active AtMKK4 and AtMKK5 Activate PALI 
andWRKY29 

To determine whether MKK4 and MKK5 are involved in activating plant 
defense response genes, the effect of a constitutively active AtMKK4 and MKK5 on 
10 the activity of the WRKY29 promoter was examined. The nucleotide and predicted 
amino acid sequences of MKK4 and MKK5 are shown in Fig 4 and 6, respectively. 
The strategy for rendering each of these PKs constitutively active is also shown 
Figures 5 and 7. Furthermore, an alignment of MKK4 and MKK5 is shown in 
Figure 8. The expression of constitutively active MKK4 and MKK5 was found to 
15 activate PALI and WRKY29 gene expression (Figure 10). 

Example 6: WRKY29 Induces Its Own Promoter 

To determine the role of WRKY29 in plant defense, the effect of expressing 
WRKY29 on the activation of a reporter gene under the transcriptional control of the 
WRKY29 promoter was examined. As shown in Figure 1 1, the WRKY29 
20 polypeptide was found to induce expression of its own gene promoter. Exemplary 
pathogen-inducible WRKY promoter fragments are shown in Figures 15 and 16. In 
addition, as shown in Figure 12, WRKY29 was found to regulate PALI and the so- 
called flg22 induced receptor-like kinase, but not a GST gene promoter. 

Example 7: Transient Expression of WRKY29 Reduces Susceptibility to 
25 Pseudomonas syringae 

To determine whether expression of WRKY29 reduces pathogen 
susceptibility, Arabidopsis leaves from 4-5 week-old plants were infiltrated with 
Agrobacteria carrying 35S-GFP, 35S-MKK4act, or 35S-WRKY29 (Figure 13). The 
plants were incubated for three days and the Agf'obacterium-inGltraXQd leaves were 
30 further infiltrated with Pseudomonas syringae pv. maculicola strain ES4326 

(resuspended in 10 raM MgS0 4 , OD600 = 0.002) or 10 mM MgS0 4 . The plants 
were incubated for two more days and the infiltrated leaves were cut for 
examination. As shown in Figure 14, transient expression of WRKY29 was found 
to reduce susceptibility to Pseudomonas syringae pv. maculicola strain ES4326. 
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Using the same procedure, it was also found that transient expression of a 
constitutively active MKK4 reduced the plant's susceptibility to Pseudomonas 
syringae. 

Example 8: Early defense gene transcription induced by flg22 in 
5 Arabidovsis leaf cells 

To dissect the early signal transduction pathways in plant innate immune 
responses, we first established a leaf cell assay based on flg22 inducible 
transcription of early response genes in Arabidopsis mesophyll protoplasts. Few 
reporter genes have been developed for the dissection of the early stages of defense 

10 signaling pathways in plants (Durrant et al.. Plant Cell 12:963-977, 2000; Maleck et 
al., Nature Genet. 26:403-410, 2000; Schenk et al., Proc. Natl Acad. ScL, U.S.A. 
97:1 1655-1 1660, 2000). To identify genes that are induced by flg22-activated 
defense signaling, we created a subtracted cDNA library that represented mRNA 
species induced at various times by the elicitor flg22 in Arabidopsis mesophyll 

15 protoplasts according to the methods described by Asai et al. {Plant Cell 12:1823- 
1835, 2000). Using flg22 rather than a pathogen or a natural elicitor avoided the 
possibility that multiple elicitors could be functioning in parallel. Furthermore, 
synchronous elicitation by flg22 is achieved more reproducibly in homogeneous 
mesophyll protoplasts than in intact leaves. In the library we found well-described 

20 defense genes, such as PALI (At2g37040), GST1 (Atlg02930), PR1 (At2gl9990), 
and PR5 (Atlg75040), which are induced by a variety of pathogens and elicitors at 
different stages of the defense response in many plant species (Maleck et al., Nature 
Genet 26:403-410, 2000; Schenk et al., Proa Natl Acad. Set, U.S.A. 97:11655- 
1 1660, 2000; Asai et al., Plant Cell 12:1823-1835, 2000). These genes were also 

25 induced in Arabidopsis leaves infiltrated with flg22 (data not shown), suggesting 

that similar defense responses are induced by flg22 in isolated leaf protoplasts and in 
leaves of intact plants. 

To develop new reporter genes that are expressed early in the primary 
defense response, we focused on flg22-activated genes identified in the subtraction 

30 library that were expressed at early time points (see below) and encode putative 

regulatory factors, including WRKY29 (At4g23550) (Euglem et al., Trends Plant Set 
5:199-206, 2000) and FRK1 (FLG22-IND UCED RECEPTOR-LIKE KINASE i, 
At2gl9190), which encode a WRKY transcription factor (with a conserved WRKY 
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DNA-binding domain) and a LRR receptor kinase, respectively. Induction of 
WRKY transcription factors and LRR receptor kinase genes by pathogens, 
pathogen-derived elicitors, or salicylic acid has been demonstrated in the leaves of 
several plant species including Arabidopsis (data not shown). Taken together, these 
5 results indicate that Arabidopsis protoplasts treated with flg22 increase transcription 
of a variety of defense-related genes that are also expressed in intact plants after 
pathogen infection. 

Polymerase chain reaction after reverse transcription of RNA (RT-PCR) 
analysis showed that WRKY29, FRK1, and GST1 mRNA levels were elevated in 

10 Arabidopsis protoplasts within 30 minutes after flg22 treatment (Fig. 17A), whereas 
induction of the extensively studied PR1 and PR5 genes occurred much later (Fig. 
17A). Two stress-regulated genes, H 2 0 2 -inducible GST6 (At2g47730) and ABA-, 
cold-, or drought-responsive RD29A (AT5g52310) (Kovtun et al., Proa Natl Acad. 
Scl, U.S.A. 97:2940-2945, 2000), were not induced by flg22 over basal levels of 

1 5 expression (Fig. 1 7A). In contrast to the common assumption that protoplasts 
isolated from fresh leaves are badly damaged, stressed and dying, or are already 
activated in defense responses, the data in Figure 17 (as well as the data presented 
below) show that Arabidopsis mesophyll protoplasts respond specifically to flg22, 
similarly to the response observed in intact plants (Gomez-Gomez et al., Plant J. 

20 18:277-284, 1999). The specific response of mesophyll protoplasts to flg22 is 
consistent with our previous studies using mesophyll protoplasts as a versatile 
system to analyze diverse stress signaling pathways (Kovtun et al., Proc. Natl Acad. 
ScL, U.S.A. 97:2940-2945, 2000; Sheen et al, Science 274:1900-1902, 1996) and cell 
death programs (Asai et al., Plant Cell 12:1823-1835, 2000). 

25 To examine whether de novo protein synthesis is required for flg22-induced 

defense gene expression, protoplasts were preincubated with the protein synthesis 
inhibitor cycloheximide (CHX) and then treated with flg22. RT-PCR analysis 
showed that induction of the early response genes WRKY29, FRK1, and GSTJ by 
flg22 was not significantly affected by CHX, whereas the inhibitor blocked 

30 induction of the late response genes PR1 and PR5, but not the expression of other 

control genes (Fig. 17A). To determine whether the early defense genes are 

activated transcriptionally, the promoters of the tf / RKY29, FRK1, GST1, GST6, and 

RD29A genes were fused to the LUC reporter gene as described by Kovtun et al. 
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(Proc. Natl Acad. Sci. f USA 97:2940-2945, 2000) and tested for their response to 
flg22 in transiently transfected protoplasts. Consistent with the RT-PCR data 
obtained with the endogenous genes, the WRKY29, FRK], and GST1 promoters, but 
not the GST6 and RD29A promoters, were induced by flg22 (Fig. 17B). In a parallel 
5 control experiment, the 23-amino acid peptide flg23RM, corresponding to the flg22- 
homologous sequence of the Rhizobium melliloti flagellin protein, activated none of 
these promoters (data not shown). R. melliloti is a plant symbiont that fails to 
activate (and/or suppress) host innate immunity. In previous work, R. melliloti 
flagellin was shown not to activate host defense responses (Felix et al., Plant J. 

10 18:265-276, 1999; Gomez-Gomez et al., Plant J. 18:277-284, 1999). These results 
suggest that in response to pathogen-derived flagellin, WRKY29, FRK I, and GST1 
are rapidly induced by pre-existing signaling molecules. Because the H2O2- 
responsive gene GST6 (Kovtun et al., Proc. Natl Acad. Sci., U.S.A. 97:2940-2945, 
2000) was not induced by flg22 (Figs. 17A and 17B), it is likely that although flg22 

15 induces an oxidative burst in Arabidopsis leaves (Gomez-Gomez et al., Mol Cell 
5:1003-101 1, 2000; Gomez-Gomez et al., Plant J. 18:277-284, 1999), it may not 
elicit a strong or persistent oxidative burst in protoplasts. Consistent with this 
conclusion, an inhibitor of H2O2 accumulation, diphenylene iodonium, had no effect 
on flg22-induced ff / RKY29 y FRK1 and GST1 gene expression (data not shown). 

20 Thus, the flg22 -protoplast system distinguishes between flagellin and oxidative- 
stress signaling pathways (see below). In addition to the well-established parsley 
protoplast system derived from suspension cultures (Nurnberger et al., Trends Plant 
Sci. 6:372-379, 2001; Blume et al., Plant Cell 12:1425-1440, 2000; Hirt et al., 
Results and Problems in Cell Differentiation: MAP Kinases in Plant Signal 

25 Transduction (ed. Hirt, H.) 85-93 (Springer, Heidelberg, 2000); Ligterink et al., 
Science 276:2054-2057, 1997; Eulgem et al., EMBOJ. 18:4689-4699, 1999), the 
Arabidopsis mesophyll protoplast transient expression system offers a new tool to 
study defense signaling based on early gene transcription. 

Example 9: Flg22 signals through FLS2 in Arabidopsis protoplasts 
30 To determine whether the W / RKY29, FRK1, and GST1 promoters were 

activated by flg22 through the FLS2 LRR receptor kinase (Gomez-Gomez et al., 
Mol Cell 5: 1003-101 1, 2000), protoplasts isolated from fls2 mutant leaves were 
transiently transfected with the WRKY29-LUQ FRKl-LUC, and GST1-LUC, 
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reporter constructs. In the Jls2 mutant protoplasts, none of the three promoters could 
be activated by flg22 (Fig. 17C). Transient expression of wild-type FLS2 (Gomez- 
Gomez et al., Mol Cell 5:1003-101 1, 2000) restored flg22-inducibility of the 
promoters in the fls2 mutant protoplasts (Fig. 17C). Consistent with these results, 
5 the broad-spectrum protein kinase inhibitor staurosporine (ST) effectively blocked 
the ability of flg22 to activate the WRKY29, FRK1, and GST1 promoters (Fig. 17B). 
These data showed that flagellin signaling leading to the expression of WRKY29, 
FRK1, and GST1 requires FLS2. 

Example 10: Specific MAPKs in flg22 signaling 

10 The role of MAPK signaling in the flg22-mediated activation of the 

WRKY29, FRK1, and GST1 promoters was tested by using the MAPKK inhibitor 
U0126. As shown in Fig. 17B, U0126 partially blocked transcription of the 
WRKY29 and FRK1 promoters but had no effect on the GST1 promoter. To further 
test the involvement of MAPK signaling in the activation of WRKY29 and FRK1 

1 5 promoters, a mouse MAPK phosphatase (MKP1) was transiently expressed in 
Arabidopsis protoplasts (Kovtun et al., Nature 395:716-20, 1998). Similar to 
U0126, MKP1 partly reduced flg22 -induced activation of WRKY29 zmdFRKJ 
promoters but had no effect on the GST1 promoter (Fig. 17D). These results 
suggested that both MAPK-dependent and MAPK-independent signaling pathways 

20 act downstream of FLS2 to activate the WRKY29 and FRK1 promoters. 

Since flg22 activation of WRKY29 and FRK1 promoters was partially 
blocked by U0126 and MKP1, we examined whether flg22 can activate MAPKs in 
Arabidopsis protoplasts. Treatment of protoplasts with flg22 resulted in rapid 
activation of endogenous protein kinases (PKs) that phosphorylated myelin basic 

25 protein (MBP), a commonly used MAPK substrate (Fig, 1 8A). These PKs were not 
activated by treatment with flg23RM (data not shown), suggesting their importance 
in pathogen defense. To systematically test the Arabidopsis MAPKs (MPKs) to 
determine which one(s) are involved in flg22 signaling, we chose six representative 
MPKs corresponding to four out of the five MPK subfamilies that may exhibit 

30 distinct functions based on sequence homology analysis (Tena et al., Curr. Opin. 

Plant Biol 4:392-400, 2001; Mizoguchi et al, Results and Problems in Cell 

Differentiation: MAP Kinases in Plant Signal Transduction (ed. Hirt, H.) 29-38 

(Springer, Heidelberg, 2000)). These MPKs were tagged with the haemagglutinin 
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(HA) epitope, transiently expressed in protoplasts, immunoprecipitated with an anti- 
HA antibody, and tested in vitro for kinase activity (Kovtun et al., Proc. Natl. Acad. 
Sci., U.S.A. 97:2940-2945,2000). The results indicated that MPK3 andMPK6, 
which belong to the same subfamily, but not the other MPKs, showed strong MBP 
5 phosphorylation following flg22 treatment (Fig. 18B). The involvement of MPKS 
cannot be ruled out, however, due to its poor expression and/or instability in 
mesophyll protoplasts. The result is consistent with the previously reported 
activation of MPK6 in Arahidopsis cultured cells and leaf strips by flg22 (Nuhse et 
al., J. Biol Chem. 275:7521-7526, 2000). The activation of MPK3 and MPK6 by 

10 flg22 did not occur in the fls2 mutant protoplasts unless functional FLS2 was co- 
expressed (Fig. 18C). Importantly, when a kinase inactive mutant of FLS2 
(FLS2Km) was expressed in the fls2 mutant protoplasts, flg22-triggered activation 
of MPK3 and MPK6 was not observed (Fig. 18C), suggesting that the kinase 
activity of FLS2 is important for flagellin signaling and MAPK activation. 

15 Furthermore, the co-expression of MKP1, which partially blocked flg22-induced 

activation of WRKY29 andFRKl promoters (Fig. 17D), eliminated MPK3 and 

MPK6 activation by flg22 (Fig. 18D). These results suggest that flagellin perception 

by FLS2 leads to the activation of MPK3 and/or MPK6. The studies also revealed 

the importance of MAPK-independent pathway in flg22 signaling. 

20 Example 1 1 : Redundant MAPKKs in flg22 signaling 

The Arabidopsis genome contains nine MAPKK (MKK) genes that belong to 

four subfamilies, suggesting at least four distinct functions (Tena et al., Curr. Opin. 

Plant Biol 4:392-400, 2001). Four of these MKKs, MKK1, MKK2, MKK4, and 

MKK5, belonging to two subfamilies, are expressed in leaf cells (Tena et al., Curr. 

25 Opin. Plant Biol 4:392-400, 2001; Mizoguchi et al, Results and Problems in Cell 
Differentiation: MAP Kinases in Plant Signal Transduction (ed. Hirt, H.) pp. 29-38 
(Springer, Heidelberg, 2000)). Therefore, these four MKK genes were cloned and 
analyzed in the protoplast transient expression assay. To distinguish MKKs from 
the HA-tagged MPKs in transfected protoplasts, a MYC-epitope tag was fused to 

30 each MKK. Since MAPKKs require phosphorylation to be activated, gain-of- 
function mutants of the four MKKs were generated by converting the conserved 
serine and/or threonine residues in the kinase-activation loop located between 
subdomains VII and VIII to aspartate or glutamate to mimic phosphorylation. The 

23 
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MYC-tagged wild-type or constitutively active MKKs were co-expressed 
individually with the six HA-tagged MPKs to systematically determine their 
regulatory relationships. The results showed that constitutively active MKK4 and 
MKKS (MKK4a and MKKSa, respectively), which belong to the same subfamily, 
5 were equally effective at phosphorylating (Fig. 20A) and activating MPK3 and 
MPK6 (Figs. 19A and 19B). We cannot rule out the possibility that MPKS is also 
activated by MKK4a and/or MKKSa since the expression of MPKS was poor (Fig. 
19 A). In contrast, constitutively active MKK1 and MKK2 (MKKla and MKK2a, 
respectively) were unable to activate these MPKs (Fig. 19B), although MKKla did 

1 0 activate other MPKs (data not shown). 

To directly test the role of MKK4 and MKKS in flg22 signaling, plasmid 
DNA expressing the constitutively active MKK constructs was cotransfected with 
various reporter gene constructs into protoplasts (Kovtun et al., Proc. Natl Acad. 
Scu, U.S.A. 97:2940-2945, 2000). Either MKK4a or MKKSa, but not MKKla or 

15 MKK2a, was sufficient to specifically activate the WRKY29 and FRK1 promoters 

(Fig. 19C). To further test the importance of MKK4 and MKKS in the early defense 
response, corresponding dominant-negative mutants were generated by replacing the 
conserved lysine residue in the ATP binding site with methionine. As shown in Fig. 
19D, dominant-negative MKK4 or MKKS but not MKK1 (data not shown) could 

20 partially block flg22 activation of the WRKY29 and FRK1 promoters similarly to 
U0126 or MKP1 (Figs. 17B and 17D). In addition, MKK4a and MKKSa, but not 
MKKla and MKK2a, could bypass the requirement of FLS2 in flg22 signaling, 
demonstrated by their ability to activate the WRKY29 and FRK1 promoters in fls2 
mutant protoplasts (Fig. 19E). 

25 Thus, on the basis of both gain-of-function and loss-of-function analyses, it 

appears that flagellin signaling activates MKK4 and MKKS, which in turn 
phosphorylate and activate MPK3 and MPK6, leading to the expression of early 
defense response genes. The functions of MKK4 and MKKS in flg22 signaling are 
likely redundant in Arabidopsis leaf cells (see below). It has been proposed that 

30 MPK3 and/or MPK6 mediate expression of GST6 in Arabidopsis protoplasts treated 
with H 2 0 2 (Kovtun et al., Proc. Natl Acad. Set, U.S.A. 97:2940-2945, 2000). A 
MAPKK functioning in this oxidative-stress signaling pathway has not been 
identified. Although MKK4 and MKKS can activate MPK3 and MPK6, neither 
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MKK4a nor MKK5a was able to induce the expression of GST6, & reporter gene in 
the oxidative stress signaling pathway (Figs. 19C and 19E). This result suggests that 
flagellin and H 2 0 2 may activate different MAPK signaling cascades. 
Example 12: A specific MAPKKK in flg22 signaling 
5 On the basis of sequence homology in the kinase domains to mammalian 

MAPKKKs, there are at least 25 putative Arabidopsis MAPKKKs that can be 
divided into six subgroups (Tena et al., Curr. Opin. Plant Biol 4:392-400, 2001). 
The sequence similarity among the subgroups is low, especially in the regulatory 
domains, indicating that the subgroups have distinct functions (Tena et al., Curr. 
10 Opin. Plant Biol 4:392-400, 2001; Jouannic et al., Gene 233:1-11, 1999). We 
analyzed four Arabidopsis MAPKKKs, CTR1, EDR1, MEKK1, and ANP1, from 
three subgroups expressed in leaf cells, to determine whether any of them could 
activate MKK5. Constitutively active derivatives of these four MAPKKKs were 
constructed by deleting the putative regulatory domain (Kovtun et al., Proc. Natl 

15 Acad, Set, U.S.A. 97:2940-2945, 2000). The four constitutively active MAPKKKs 
were fused to a HA-epitope tag and coexpressed individually with MYC-epitope- 
tagged wild-type MKK5 in protoplasts. To determine whether MKK5 had been 
phosphorylated and activated, MKK5 was immunoprecipitated using an anti-MYC 
antibody, and its activity was determined in vitro using a purified kinase inactive 

20 MPK6 fused to glutathione S-transferase (GST-MPK6Rm) as a substrate. As shown 
in Fig. 20A, MKK5 was specifically activated by constitutively active MEKK1 
(AMEKK1) and could phosphorylate MPK6. Constitutively active ANP1 (AANP1), 
which can mimic the H 2 0 2 signal and induce the GST6 promoter (Kovtun et aL, 
Proc. Natl Acad. Set, U.S.A. 97:2940-2945, 2000), activated MKK5 only 

25 marginally despite a high level of protein expression (Fig. 20A), supporting the idea 
that flagellin and H 2 0 2 activate different MAPK pathways. 

Consistent with the above results, AMEKK1 activated the WRKY29 and 
FRK1 promoters in the absence of flg22 in both wild-type and fls2 mutant 
protoplasts (Figs. 20B and 20C) but not the activity of the H 2 0 2 - or AANP1- 

30 inducible GST6 promoter (Fig. 20B). Furthermore, constitutively active CTR1 

(ACTR1), which did not activate MKK5, had no effect on the WRKY29 and FRK1 
promoter activities (Figs. 20B and 20C). To further test the involvement of MEKK1 
in flg22 signaling, a dominant-negative mutant was generated by altering the ATP 
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binding site but maintaining the regulatory and protein-protein interaction domains 
of the full-length MEKK1 . The dominant-negative mutant (MEKKlin) partially 
suppressed flg22 activation of WRKY29 and FRK1 promoters (Fig. 20D), similarly 
to U0126 treatment, MKP1, and dominant-negative MKK4 or MKK5 (Figs. 17B, 
5 17D, and 19D). Dominant negative CTR1 did not have an effect (data not shown). 
Taken together, the results described so far strongly suggest that flagellin perception 
by FLS2 leads to the induction of WRKY29 and FRK1 transcription through the 
activation of a MAPK signaling cascade consisting of MEKK1, MKK4/MKK5, and 
MPK3/MPK6. 

10 Example 13: Positive feedback control by WRKY transcription factors 

WRKY proteins have been shown to bind to W box DNA elements 

(containing a TGAC core sequence) that are found in the promoters of many 

defense-related genes including WRKY29 (10 W boxes) and FRK1 (15 W boxes) 

(Maleck et al., Nature Genet. 26:403-410, 2000; Euglem et al., Trends Plant Set 

15 5:199-206, 2000; Du et al., Plant J. 24:837-847, 2000). In parsley protoplasts, a 
fungal pathogen-mducible WRKY1 protein, with two WRKY domains, is targeted 
to the nucleus and activates its own promoter by binding to multiple W boxes 
(Eulgem et al, EMBO J. 18:4689-4699, 1999). Arabidopsis WRKY29, with a 
single WRKY domain, is not the ortholog of parsley WRKY1 (Eulgem et al., EMBO 

20 J. 1 8 :4689-4699, 1 999), and is the WRKY gene shown to be induced by pathogen- 
derived flagellin (Fig. 17). WRKY29-GFP, a WRKY29 and green fluorescent 
protein fusion, was constitutively localized in the nucleus in the presence or absence 
of flg22 (Fig. 21 A). Transient expression of WRKY29 activated its own promoter 
in the absence of flg22 (Fig. 2 IB), indicating a positive feedback control (Eulgem et 

25 al., EMBO J. 1 8:4689-4699, 1 999). WRKY29 also strongly activated the FRK1 
promoter, but suppressed the basal activities of the GST6 and RD29A promoters 
(Fig. 21C). Transient expression of WRKY29 activated the WRKY29 and FRK1, but 
not RD29A, promoters in the fls2 mutant protoplasts, suggesting that WRKY29 acts 
downstream of the flagellin receptor (Fig. 21C). Treatment of WRKY29-expressing 

30 protoplasts with flg22 did not further enhance the activity of the WRKY29 and FRK1 
promoters (Fig. 2 IB). These results are consistent with the idea that unmodified 
wild-type WRKY29 can act as a transcriptional activator. In contrast to WRKY29, a 
different Arabidopsis WRKY protein, WRKY42 (At4g04450), did not activate the 
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WRKY2P and FRK1 promoters, but rather slightly inhibited the flg22 activation of 
these promoters (Fig. 21B). Moreover, unlike WRKY29, WRKY42 did not 
suppress basal activities of the GST6 and RD29A promoters (Fig. 21B). Thus, we 
postulated that WRKY29 is a key transcriptional activator involved in the expression 
5 of defense genes in Arabidopsis innate immune responses. Similarly to MKK and 
MPK gene families, the large WRKY family also have members that are highly 
homologous to WRKY29. The homologous WRKY22 (At4g01250) in the same 
WRKY subgroup (Euglem et aL, Trends Plant Sci. 5:199-206, 2000) was cloned and 
tested in the protoplast transient assay. WRKY22 regulated these promoters 
10 similarly to WRKY29 (Fig. 21B), suggesting that WRKY29 and WRKY22 may be 
functionally redundant. 

Example 14: Resistance to bacterial and fungal pathogens 
On the basis of the results obtained with the protoplast transient expression 
assays, we tested whether Arabidopsis plants exhibited enhanced resistance to 
1 5 bacterial pathogens when the flagellin MAPK cascade is constitutively activated or 
WRKY29 is expressed by means of Agrobacterhtm-medmted transient 
transformation (Xiang et aL, Plant Mol Biol 40:71 1-717, 1999). This method has 
allowed a reliable assessment of the effect of transgenes in leaves (Nimchuk et aL, 
Cell 101:353-363, 2000; Swiderski et aL, Plant J 76:101 -12, 2001; Yang et aL, 
20 Proc. Natl Acad. Set, U.S.A. 98:741-746, 2001). When infected by the virulent 
bacterial pathogen Pseudomonas syringae, transiently transformed control leaves 
expressing GFP developed chlorotic lesions (Fig. 21D). Similar results were 
obtained with untransformed leaves and leaves expressing ACTR1, MKKla, or 
wild-type WRKY42 as controls (not shown). In contrast, transformed leaves 
25 expressing AMEKK1 , MKK4a, MKK5a or wild-type WRKY29 displayed enhanced 
resistance to P. syringae (Fig. 21D). The observation that both MKK4a and MKK5a 
can confer pathogen resistance is consistent with the idea that these MAPKKs are 
functionally redundant. 

Importantly, development of soft-rot symptoms caused by infection with the 
30 fungal pathogen Botiytis cinerea was also effectively suppressed when AMEKK1, 
MKK4a, or WRKY29, but not GFP, was transiently expressed in leaves (Fig. 2 IE). 
Microscopic analysis indicated that in Arabidopsis leaves expressing MKKla as a 
control, fungal spores germinated and formed superficial mycelium and branched 
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appressoria filled with intensely stained cytoplasm within two days after B. cinerea 
infection (Fig. 21F). In contrast, only germ tubes were formed during the same 
period of time in leaves expressing MKK4a. Similar results were obtained with 
AMEKK1, MKK5a 5 and WRKY29 (data not shown). These results suggest that 
5 defense responses activated by the flagellin MAPK cascade or WRKY29 are 
specifically effective against fungal as well as bacterial pathogens. 

In addition, transient expression of MKK4a in Arabidopsis leaves, as in Fig. 
2 ID, inhibited the growth of P. syringae maculicola ES4326 15-fold one day after 
infiltration, and over 100-fold four days after infiltration. The results are consistent 
1 0 with the leaf phenotype shown in Fig. 21D. 

Examples 8-14 described above were performed using the following 
methods. 

Reporter constructs 

To identify early response genes, a subtracted cDNA library that represented 
1 5 mRNA species induced by the elicitor flg22 in Arabidopsis mesophyll protoplasts 
was generated as previously described (Asai et al., Plant Cell 12:1823-1835, 2000). 
The DNA regions immediately upstream from the translation start sites of the 
WRKY29, FRK1, and GST1 genes were amplified by PCR from Arabidopsis (Col-0) 
genomic DNA. The sizes of the amplified fragments were 2.6 kb, 2.8 kb, and 0.9 
20 kb, respectively. These promoters were fused to a luciferase (LUC) reporter gene to 
generate WRKY29-LUC, FRK1-LUC, and GST1-LUC as described by Kovtun et al., 
(Proc. Natl Acad. ScL, U.S.A. 97:2940-2945, 2000). 
Effector constructs 

Arabidopsis cDNAs, encoding MAPKs: MPK2 (Atlg59580), MPK3 
25 (At3g45640), MPK5 (At4gl 1330), MPK6 (At2g43790), MPK7 (At2gl8170), 

MPK9 (At3gl8040); MAPKKs: MEK1 (At4g26070), MKK2 (At4g29810), MKK4 
(Atlg51660), MKK5 (At3g21220); MAPKKKs: CTR1 (At5g03730), EDR1 
(Atlg08720),MEKKl (At4g08500), ANP1 (Atlg09000); receptor FLS2 
(At5g46330); transcription factors WRKY22 (At4g01250), WRKY29 (At4g23550) 
30 and WRKY42 (At4g04450), were obtained by PCR from an Arabidopsis cDNA 
library and verified by sequencing. Mouse MKP1 phosphatase was a gift from H. 
Sun and N. Tonics (Kovtun et al., Nature 395:716-20, 1998). PCR products were 
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fused to the double HA (MAPK, MAPKKK, receptor and WRKY) or MYC 
(MAPKK and MKP1) epitope tag sequence and inserted into a plant expression 
vector or pCB302 containing the 3 5SC4PPDK promoter and the NOS terminator 
(Kovtun et al., Proc. Natl Acad. ScL, U.S.A. 97:2940-2945, 2000; Kovtun et al. 3 
5 Nature 395:716-20, 1998; and Xiang et al., Plant MoL Biol 40:711-717, 1999). 

The constitutively active forms of MAPKKs were generated by site-specific 
mutation, replacing the serine or threonine residues in the activation loop domain 
[S/T]XXXXX[S/T] by acidic amino acids glutamate or aspartate: 
MKK1(T218ES224D), MKK2(T220DT226E), MKK4(T224DS230E) and 

10 MKK5(T215ES221E). The active forms of MAPKKK were generated by keeping 
the catalytic domain only: ACTR1 (544-799), AEDR1 (662-921), AMEKK1(326- 
592), AANPl(57-338). The inactive forms of all kinases were generated by site- 
specific mutation, replacing the conserved lysine residues in the kinase ATP binding 
loop by a methionine: FLS2(K898M), MKK4(K108M), MKK5(K99M), 

1 5 MPK6(K92M), MEKK1 (K36 1M). All these mutations were verified by sequencing. 
GST fusion proteins 

The GST fusions were generated by subcloning the coding sequences of 
MAPKs and MAPKKs into pGEX-4T-l vector (Amersham Pharmacia Biotech) in 
frame with the GST coding sequence. All the GST fusion proteins were purified 

20 based on the manufacture's procedure and subjected to in vitro phosphorylation 
assay. Except the kinase inactive mutants that were used as controls, all PKs 
showed significant autophosphorylation activity and were able to phosphorylate an 
exogenous substrate, indicating that they are active kinases (data not shown). 
Arabidopsis mesophvll protoplast transient expression assay 

25 Protoplast transient expression assay was carried out as described previously 

(Kovtun et al., Proc. Natl Acad. Scl, U.S.A. 97:2940-2945, 2000). Promoter 
activities are represented by LUC/GUS activities, and normalized to the value 
obtained with protoplasts without the treatments. In case of protoplasts prepared 
from fls2 mutant plants, promoter activities are normalized to the value obtained 

30 with wild-type protoplasts transfected with a control GFP plasmid. Constitutively 

active MAPKKKs, immunoprecipitated from transfected protoplasts, 

phosphorylated casein in vitro (Kovtun et al., Nature 395:716-20, 1998), indicating 

that they are active kinases. GFP fluorescence was observed by either Nikon TE200 
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fluorescent microscopy or with Leica TCSNT Confocal Spectrophotometer 
(Germany). Coexpression of a nuclear-targeted red-fluorescent protein was used as 
a control (Patharlcar et al., Plant J, 24:679-691, 2000). 
RT-PCR 

5 Samples were taken at indicated time points after treatment and total RNA 

was prepared as described (Asai et al., Plant Cell 12:1823-1835, 2000). RT-PCR 
was performed with 1 ng of total RNA and 0.6 pM of each primer using OneStep 
RT-PCR Kit (Qiagen, Germany). PCR was run for 35 cycles. Constitutively 
expressed UBQ10 (AT4g05320) or ACTIN-1 (At2g37620) mRNA was always co- 
10 amplified with each mRNA and used as an internal standard. For these genes, 0. 1 
jjM of each primer was used. Typical results for UBQ10 mRNA are shown. 
Protein Kinase assays 

The MAPK in-gel kinase assay was carried out as described by Kovtun et al. 
(Proc. Natl Acad. ScL, U.S.A. 97:2940-2945, 2000). For immuno-complex assays, 

15 tagged kinases were immunoprecipitated from lysates of transfected protoplasts with 
the corresponding antibody and analyzed with a known substrate as indicated (MBP 
or GST-MPK6 Km). 

Asrobacterium-msdiated transient transformation 

To analyze plant susceptibility to a bacterial pathogen, five-week-old 

20 Arabidopsis plants were infiltrated with a suspension (containing 1 00 jiM 

acetosyringone) of A. tumefaciens carrying a binary vector plasmid pCB302 (Xiang 
et al., Plant MoL Biol 40:711-717, 1999) expressing GFP, AMEKK1, MKK4a, 
MKKSa, or WRKY29. The plants were incubated for three days under the 
conditions as described (Asai et al., Plant Cell 12:1823-1835, 2000). Infiltrated 

25 leaves were then inoculated with 1 0 mM MgS0 4 or the same solution with 

suspended P. syringae maculicola ES4326 (10 4 cfu/cm 2 ) at the location of transient 
gene expression. The leaves were photographed three days later. 

To analyze plant susceptibility to a fungal pathogen, a suspension 
(containing 100 jliM acetosyringone and 0.01% Silwett L-77) of A. tumefaciens 

30 carrying a binary vector plasmid expressing GFP, AMEKK1, MKK4a 5 MKK1 a, or 
WRKY29 was first applied to the lower surface of a leaf of six-week-old 
Arabidopsis. The leaves were incubated for 24 hours and then the upper surface of 
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transformed leaves was infected with B. cinerea sclerotia. The infected leaves were 
photographed five days later after removing the fungal sclerotia. To observe the 
early stage of B. cinerea development, 5 |il drops of a 5 x 10 5 spores/ml suspension 
were placed on the upper surface of an Arabidopsis leaf Two days after infection, 
5 fungal structures were visualized by Trypan blue-lactophenol staining and observed 
with Confocal Spectrophotometer TCSNT (Leica, Germany). Untransformed and 
GFP-expressing control leaves developed similar lesions as the MKKla-expressing 
leaves. 

10 Summary 

We have demonstrated that Arabidopsis mesophyll protoplast transient 
expression assays can be combined with genetic and genomic information to provide 
a powerful tool for the analysis of MAPK signaling involved in plant innate 
immunity. Importantly, the key components of the innate immune signaling 

1 5 pathway identified using the leaf cell system confer pathogen resistance when 
expressed in leaves of intact plants (Fig. 21). Since wild-type WRKY22 or 
WRKY29 is sufficient to mimic flg22 and MAPK signaling, we postulate that a 
specific WRICY inhibitor may be phosphorylated and inactivated by the flagellin 
MAPK cascade upon pathogen infection. As summarized in the model shown in 

20 Figure 22 , this would make the flg22 signaling pathway partially analogous to 

signaling pathways in insects and mammals, in which TLRs initiate a cascade of 
signaling events leading to phosphorylation and degradation of an inhibitor of a Rel- 
like transcription factor (Aderem et al., Nature 406:782-787, 2000; Khush et al., 
Trends Genet 16:442-449, 2000). It will be interesting to test whether the flg22- 

25 and FLS2-dependent phosphorylation of the ankyrin-containing protein AtPhos43, 
recently identified by a proteomic approach (Peck et al, Plant Cell 13:1467-1475, 
2001), is MAPK dependent and can control WRKY22 and WRKY29 sub-cellular 
localization and/or activity. 

We further propose that early signaling events initiated by diverse pathogens 

30 converge into a conserved MAPK cascade that positively regulates plant defense 

responses (Fig. 22). This is consistent with the observation that similar plant 

defense responses are elicited by many viral, bacterial, and fungal pathogens. 

Because MAPK signaling components are highly conserved among diverse plant 
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species, our results with flagellin elicitation provides insights into the genetic 
manipulation of resistance to a wide array of pathogens in economically important 
crop plants. 

As shown in Fig. 17B, 17D, 19D and 20D, our data also reveal the 
5 previously unexpected existence of a MAPK-independent pathway in flg22 
signaling. 

The lack of MAPK cascade mutations in the flg22 signaling pathway is most 
likely due to functional redundancy in the pathway, as suggested by the 
identification of the MKK4/MKK5 and MPK3/MPK6 pairs in our study. The 

10 WRKY22 and WRKY29 transcription factors in the flg22 signaling pathway may 
also provide redundant functions. Furthermore, similar to the yeast MAPKKK 
STE11 (Madhani et al., Trends Genet. 14:151-155, 1998), some plant MAPK 
signaling components could be involved in more than one pathway (Tena et al., 
Curr. Opin. Plant Biol 4:392-400, 2001). The H 2 0 2 -activated MAPK cascade 

15 shares MPK3 and MPK6 with the flg22 pathway but activates different target genes 
(Kovtun et al., Proc. Natl Acad. Set, U.S.A. 97:2940-2945, 2000). The MAPKKK 
of the flagellin cascade, MEKK1, may also initiate a different MAPK cascade. In 
addition, it should be noted that, besides the flagellin MAPK cascade, other 
pathways utilizing untested MAPK, MAPKK, and MAPKKK genes could also play 

20 important roles in Arabidopsis innate immunity. Finally, plants transiently 

expressing AMEKK1, MKK4a, or WRKY29 are resistant to both bacterial and 
fungal pathogens, suggesting that other pathogen-derived signals in addition to flg22 
may activate the MEKK1, MKK4/MKK5, MPK3/MPK6, WRKY22/29 signaling 
pathway through distinct receptors (Fig. 22) (Peck et al, Plant Cell 13:1467-1475, 

25 2001). Given this complexity, a combination of genetic, genomic, cellular, and 
biochemical approaches including the construction of knock-out mutants and 
expression of signaling components in transgenic plants will be required to untangle 
the intertwined signaling webs mediated by MAPK cascades in plants. 

Methods for isolating sequences encoding MAPKKKs, MAPKKs, and 

30 WRKYs now follow. In addition, methods for expressing such sequences in a plant 
and methods for engineering disease resistant plants are also described. 
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Isolation of Sequences Encoding MAPKKKs, MAPKKs. and WRKYs 

The isolation of additional MAPKKK (MAPKKs and WRKYs) coding 
sequences, as well as MAPKKK and MAPKK kinase domains, having the ability to 
regulate pathogen defense in plants is accomplished using standard strategies and 
5 techniques that are well known in the art. 

In one particular example, the tobacco NPK1 sequences (or, for example, 
Arabidopsis ANP1, ANP2, or ANP3 sequences) may be used, together with 
conventional screening methods of nucleic acid hybridization screening, to isolate 
additional sequences encoding MAPKKK polypeptides (or kinase domain- 
10 containing fragments thereof), as well as kinase domains of MAPKKK. Such 

hybridization techniques and screening procedures are well known to those skilled in 
the art and are described, for example, in Benton and Davis, Science 196: 180, 1977; 
Grunstein and Hogness, Proc. Natl Acad. Set, USA 72: 3961, 1975; Ausubel et al. 
Current Protocols in Molecular Biology, Wiley Interscience, New York; Berger and 
15 Kimmel, Guide to Molecular Cloning Techniques, 1987, Academic Press, New 

York.; and Sambrook et al, Molecular Cloning: A Laboratoiy Manual, Cold Spring 
Harbor Laboratory Press, New York. In one particular example, all or part of the 
NPK1 gene may be used as a probe to screen a recombinant plant DNA library for 
genes having sequence identity or similarity to the NPK1 gene or its kinase domain. 
20 Hybridizing sequences are detected by plaque or colony hybridization according to 
the methods described below. 

Alternatively, using all or a portion of the amino acid sequence of the kinase 
domain, one may readily design kinase domain-specific oligonucleotide probes, 
including kinase domain degenerate oligonucleotide probes (i.e., a mixture of all 
25 possible coding sequences for a given amino acid sequence). These 

oligonucleotides may be based upon the sequence of either DNA strand and any 
appropriate portion of the ldnase domain sequence. General methods for designing 
and preparing such probes are provided, for example, in Ausubel et al, Current 
Protocols in Molecular Biology;, Wiley Interscience, New York; and Berger and 
30 Kimmel, Guide to Molecular Cloning Techniques, 1987, Academic Press, New 
York. These oligonucleotides are useful for kinase domain sequence isolation, 
either through their use as probes capable of hybridizing to kinase complementary 
sequences or as primers for various amplification techniques, for example, 
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polymerase chain reaction (PCR) cloning strategies. If desired, a combination of 
different oligonucleotide probes may be used for the screening of a recombinant 
DNA library. The oligonucleotides may be detectably-labeled using methods known 
in the art and used to probe filter replicas from a recombinant DNA library. 
5 Recombinant DNA libraries are prepared according to methods well known in the 
art, for example, as described in Ausubel et al. (supra), or they may be obtained from 
commercial sources. 

As discussed above, kinase domain-specific oligonucleotides may also be 
used as primers in amplification cloning strategies, for example, using PCR. PCR 

1 0 methods are well known in the art and are described, for example, in PCR 

Technology, Erlich, ed., Stockton Press, London, 1989; PCR Protocols: A Guide to 
Methods and Applications, Innis et al., eds., Academic Press, Inc., New York, 1990; 
and Ausubel et al. (supra). Primers are optionally designed to allow cloning of the 
amplified product into a suitable vector, for example, by including appropriate 

15 restriction sites at the 5 ! and 3 1 ends of the amplified fragment (as described herein). 
If desired, kinase domain sequences may be isolated using the PCR "RACE" 
technique, or Rapid Amplification of cDNA Ends (see, e.g., Innis et al. (supra)). By 
this method, oligonucleotide primers based on an kinase domain sequence are 
oriented in the 3' and 5 1 directions and are used to generate overlapping PCR 

20 fragments. These overlapping 3 - and 5 -end RACE products are combined to 

produce an intact full-length cDNA. This method is described in Innis et al. (supra); 
and Frohman et al., Proc. Natl. Acad. ScL, USA 85: 8998, 1988. 

Confirmation of a sequence's relatedness to the kinase domains of the NPK 
and ANP MAPKKKs may be accomplished by a variety of conventional methods 

25 including, but not limited to, sequence comparison of the gene and its expressed 

product. In addition, the activity of the gene product may be evaluated according to 
any of the techniques described. 

Once a MAPKKK gene or its kinase domain (or a gene encoding a MAPKK 
or WRKY polypeptide) is identified, it is cloned according to standard methods and 

30 used for the construction of plant expression vectors as described below. 
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Expression Constructs 

Those skilled in the field of molecular biology will understand that any of a 
wide variety of expression systems may be used to provide the recombinant protein. 
The precise host cell used is not critical to the invention. A MAPKKK polypeptide 
5 or its kinase domain (or a MAPKK or WRKY polypeptide) may be produced in a 
prokaryotic host, for example, E. coli, or in a eukaryotic host, for example, 
Saccharomyces cerevisiae, mammalian cells (for example, COS 1 orNIH 3T3 
cells), or any of a number of plant hosts including, without limitation, algae, tree 
species, ornamental species, temperate fruit species, tropical fruit species, vegetable 
1 0 species, legume species, crucifer species, monocots, dicots, or in any plant of 

commercial or agricultural significance. Particular examples of suitable plant hosts 
include, but are not limited to, Conifers, Petunia, Tomato, Potato, Tobacco, 
Arabidopsis, Lettuce, Sunflower, Oilseed rape, Flax, Cotton, Sugarbeet, Celery, 
Soybean, Alfalfa, Medicago, Lotus, Vigna, Cucumber, Carrot, Eggplant, 
1 5 Cauliflower, Horseradish, Morning Glory, Poplar, Walnut, Apple, Grape, 

Asparagus, Rice, Maize, Millet, Onion, Barley, Orchard grass, Oat, Rye, and Wheat. 
In addition, as is discussed below, expression constructs may be expressed in a 
transgenic plant to turn on the pathogen defense MAPK signal transduction pathway 
to enhance plant tolerance to its pathogen(s). 
20 Materials for expressing these genes are available from a wide range of 

sources including the American Type Culture Collection (Rockland, MD); or from 
any of a number seed companies, for example, W. Atlee Burpee Seed Co. 
(Warminster, PA), Park Seed Co. (Greenwood, SC), Johnny Seed Co. (Albion, ME), 
or Northrup King Seeds (Harstville, SC). Descriptions and sources of useful host 
25 cells are also found in Vasil I.K., Cell Culture and Somatic Cell Genetics of Plants, 
Vol I, II, m Laboratory Procedures and Their Applications, Academic Press, New 
York, 1984; Dixon, R.A., Plant Cell Culture-A Practical Approach, IRL Press, 
Oxford University, 1985; Green et al., Plant Tissue and Cell Culture, Academic 
Press, New York, 1987; and Gasser and Fraley, Science 244: 1293, 1989. 
30 The method of transformation or transfection and the choice of vehicle for 

expression of the MAPKKK polypeptide or its kinase domain (or a MAPKK or 
WRKY polypeptide) will depend on the host system selected. Transformation and 
transfection methods are described, e.g., in Ausubel et al. (supra); Weissbach and 
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Weissbach, Methods for Plant Molecular Biology, Academic Press, 1989; Gelvin et 
al., Plant Molecular Biology Manual, Kluwer Academic Publishers, 1990; Kindle, 
K., Proc. Natl. Acad. Sci., U.S.A 87: 1228, 1990; Potrykus, I., Annu. Rev. Plant 
Physiol Plant Mol Biology 42: 205, 1991; and BioRad (Hercules, CA) Technical 
5 Bulletin #1687 (Biolistic Particle Delivery Systems). Expression vehicles may be 
chosen from those provided, e.g., in Cloning Vectors: A Laboratoiy Manual (P.H. 
Pouwels et al., 1985, Supp. 1987); Gasser and Fraley (supra); Clontech Molecular 
Biology Catalog (Catalog 1992/93 Tools for the Molecular Biologist, Palo Alto, 
CA); and the references cited above. Other expression constructs are described by 

10 Fraley et al. (U.S. Pat. No. 5,352,605). 

Most preferably, a MAPKKK polypeptide or its kinase domain (or a 
MAPKK or WRKY polypeptide) is produced by a stably-transfected plant cell line, 
a transiently-transfected plant cell line, or by a transgenic plant. A number of 
vectors suitable for stable transfection of plant cells or for the establishment of 

15 transgenic plants are available to the public; such vectors are described in Pouwels et 
al. (supra), Weissbach and Weissbach (supra), and Gelvin et al. (supra). Methods 
for constructing such cell lines are described in, e.g., Weissbach and Weissbach 
(supra), and Gelvin et al. (supra). Typically, plant expression vectors include (1) a 
cloned plant gene under the transcriptional control of 5* and 3' regulatory sequences 

20 and (2) a dominant selectable marker. Such plant expression vectors may also 
contain, if desired, a promoter regulatory region (for example, one conferring 
inducible or constitutive, pathogen- or wound-induced, environmentally- or 
developmentally-regulated, or cell- or tissue-specific expression), a transcription 
initiation start site, a ribosome binding site, an RNA processing signal, a 

25 transcription termination site, and/or a polyadenylation signal. 

Once the desired nucleic acid sequence encoding a MAPKKK polypeptide or 
its kinase domain (or a MAPKK or WRKY polypeptide) is obtained as described 
above, it may be manipulated in a variety of ways known in the art. For example, 
where the sequence involves non-coding flanking regions, the flanking regions may 

30 be subjected to mutagenesis. 

For example, the kinase domain sequence (or a MAPKKK polypeptide or 

kinase domain-containing fragment thereof), if desired, may be combined with other 

DNA sequences in a variety of ways. Such a sequence may be employed with all or 
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part of the gene sequences normally associated with itself. In its component parts, a 
DNA sequence encoding a MAPKKK polypeptide or its kinase domain is combined 
in a DNA construct having a transcription initiation control region capable of 
promoting transcription and translation in a host cell. 
5 In general, the constructs will involve regulatory regions functional in plants 

which provide for modified production of the regulator protein as discussed herein. 
The open reading frame coding for the regulator protein or functional fragment 
thereof will be joined at its 5' end to a transcription initiation regulatory region such 
as the sequence naturally found in the 5' upstream region of the MAPKKK 
10 polypeptide or its kinase domain; a MAPKK; or a WRKY polypeptide. Numerous 
other transcription initiation regions are available which provide for constitutive or 
inducible regulation. 

For applications where developmental, cell, tissue, hormonal, or 
environmental expression is desired, appropriate 5' upstream non-coding regions are 
15 obtained from other genes, for example, from genes regulated during meristem 
development, seed development, embryo development, or leaf development. 

Regulatory transcript termination regions may also be provided in DNA 
constructs of this invention as well. Transcript termination regions may be provided 
by the DNA sequence encoding the MAPKKK polypeptide (or a MAPKK or 
20 WRKY polypeptide) or any convenient transcription termination region derived 
from a different gene source. The transcript termination region will contain 
preferably at least 1-3 kb of sequence 3' to the structural gene from which the 
termination region is derived. Plant expression constructs having, for example, a 
MAPKKK protein kinase domain (e.g., the NPK1 kinase domain); a MAPKK 
25 polypeptide; or a WRKY polypeptide as the DNA sequence of interest for 

expression may be employed with a wide variety of plant life. Such genetically- 
engineered plants are useful for a variety of industrial and agricultural applications 
as discussed herein. Importantly, this invention is applicable to dicotyledons and 
monocotyledons, and will be readily applicable to any new or improved 
30 transformation or regeneration method. 

An example of a useful plant promoter according to the invention is a 
caulimovirus promoter, for example, a cauliflower mosaic virus (CaMV) promoter. 
These promoters confer high levels of expression in most plant tissues, and the 
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activity of these promoters is not dependent on virally encoded proteins. CaMV is a 
source for both the 35S and 19S promoters. Li most tissues of transgenic plants, the 
CaMV 35S promoter is a strong promoter (see, e.g., Odell et al., Nature 313: 810, 
1985). The CaMV promoter is also highly active in monocots (see, e.g., Dekeyser et 
5 al., Plant Cell 2: 591, 1990; Terada and Shimamoto, MoL.Gen. Genet. 220: 389, 

1990). Moreover, activity of this promoter can be further increased (i.e., between 2- 
10 fold) by duplication of the CaMV 35S promoter (see e.g., Kay et al., Science 236: 
1299, 1987; Ow et al, Proc. Natl. Acad. Set, U.S.A. 84: 4870, 1987; and Fang et al., 
Plant Cell 1 : 141, 1989). In addition, the a minimal 35S promoter may also be used 

10 as is described herein. 

Other useful plant promoters include, without limitation, the nopaline 
synthase promoter (An et al., Plant Physiol. 88: 547, 1988) and the octopine 
synthase promoter (Fromm et al., Plant Cell 1 : 977, 1989). 

For certain applications, it may be desirable to produce the MAPKKK 

15 polypeptide or its kinase domain (or a MAPKK or WRKY polypeptide) in an 

appropriate tissue, at an appropriate level, or at an appropriate developmental time. 
For this purpose, there are an assortment of gene promoters, each with its own 
distinct characteristics embodied in its regulatory sequences, shown to be regulated 
in response to the environment, hormones, and/or developmental cues. These 

20 include gene promoters that are responsible for heat-regulated gene expression (see, 
e.g., Callis et al., Plant Physiol 88: 965, 1988; Takahashi and Komeda, Mol. Gen. 
Genet. 219: 365, 1989; and Takahashi et al., Plant J, 2: 751, 1992), light-regulated 
gene expression (e.g., the Arabidopisis Cab2 photosynthetic, leaf specific promoter 
described by Mitra at el., Plant Mol. Biol 12: 169-179, 1989; the pea rbcS-3A 

25 described by Kuhlemeier et al., Plant Cell 1 : 471, 1989; the maize rbcS promoter 
described by Schaffiier and Sheen, Plant Cell 3: 997, 1991; or the cholorphyll a/b- 
binding protein gene found in pea described by Simpson et al., EMBO J. 4: 2723, 
1985), hormone-regulated gene expression (for example, the abscisic acid (ABA) 
responsive sequences from the Em gene of wheat described by Marcotte et al., Plant 

30 Cell 1 : 969, 1 989; the ABA-inducible HVA1 and HVA22, and rd29A promoters 

described for barley and Arabidopsis by Straub et al., Plant Cell 6: 617, 1994, Shen 

et al., Plant Cell 7: 295, 1995; and wound-induced gene expression (for example, of 

wunl described by Siebertz et al., Plant Cell 1: 961, 1989), organ-specific gene 
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expression (for example, of the tuber-specific storage protein gene described by 
Roshal et al., EMBO J. 6: 11 55, 1987; the 23-kDa zein gene from maize described 
by Schemthaner et al., EMBO J. 7: 1249, 1988; or the French bean J3-phaseolin gene 
described by Bustos et al., Plant Cell 1: 839, 1989; the vegetative storage protein 
5 promoter (soybean vspB) described by Sadka et al {Plant Cell 6: 737-749, 1994)), 
cycling promoters (e.g., the Arabidopsis cdc2a promoter described by Hemerly et 
al., Proc. Natl Acad. ScL, USA 89: 3295-3299, 1992), senescence-specific 
promoters (e.g., the Arabidopsis SAG12 promoter described by Gan et al, Science: 
270, 1986-1988, 1995), seed-specific promoters (for example, endosperm-specific or 
10 embryo-specific promoters), or pathogen-inducible promoters (for example, PR-1 or 
p-1,3 glucanase promoters). 

Plant expression vectors may also optionally include RNA processing 
signals, e.g, nitrons, which have been shown to be important for efficient RNA 
synthesis and accumulation (Callis et al., Genes and Dev. 1: 1 183, 1987). The 
15 location of the RNA splice sequences can dramatically influence the level of 
transgene expression in plants, hi view of this fact, an intron may be positioned 
upstream or downstream of a MAPKKK polypeptide or its kinase-domain encoding 
sequence (or a MAPKK polypeptide encoding sequence or a WRKY polypeptide 
encoding sequence) in the transgene to modulate levels of gene expression. 
20 In addition to the aforementioned 5 r regulatory control sequences, the 

expression vectors may also include regulatory control regions which are generally 
present in the 3' regions of plant genes (Thornburg et al., Proc. Natl Acad. Set, 
U.S.A. 84: 744, 1987; An et al., Plant Cell I: 115, 1989). For example, the 3' 
terminator region may be included in the expression vector to increase stability of 
25 the mRNA. One such terminator region may be derived from the PI-II terminator 
region of potato. In addition, other commonly used terminators are derived from the 
octopine or nopaline synthase signals. 

The plant expression vector also typically contains a dominant selectable 
marker gene used to identify those cells that have become transformed. Useful 
30 selectable genes for plant systems include genes encoding antibiotic resistance 
genes, for example, those encoding resistance to hygromycin, kanamycin, 
bleomycin, G418, streptomycin, or spectinomycin. Genes required for 
photosynthesis may also be used as selectable markers in photosynthetic-deficient 
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strains. Finally, genes encoding herbicide resistance may be used as selectable 
markers; useful herbicide resistance genes include the bar gene encoding the enzyme 
phosphinothiicin acetyltransferase and conferring resistance to the broad spectrum 
herbicide Basta® (Hoechst AG, Frankfurt, Germany). 
5 Efficient use of selectable markers is facilitated by a determination of the 

susceptibility of a plant cell to a particular selectable agent and a determination of 
the concentration of this agent which effectively kills most, if not all, of the 
transformed cells. Some useful concentrations of antibiotics for tobacco 
transformation include, e.g., 75-100 jig/mL (kanamycin), 20-50 p.g/mL 

10 (hygromycin), or 5-10 |xg/mL (bleomycin). A useful strategy for selection of 
transformants for herbicide resistance is described, e.g., by Vasil et al., supra. 

It should be readily apparent to one skilled in the art of molecular biology, 
especially in the field of plant molecular biology, that the level of gene expression is 
dependent, not only on the combination of promoters, RNA processing signals, and 

1 5 terminator elements, but also on how these elements are used to increase the levels 
of selectable marker gene expression. 
Plant Transformation 

Upon construction of the plant expression vector, several standard methods 
are available for introduction of the vector into a plant host, thereby generating a 

20 transgenic plant. These methods include (1) Agrobactej-ium-mediatQd 

transformation (A. tumefaciens or A. rhizogenes) (see, e.g., Lichtenstein and Fuller, 
In: Genetic Engineering, vol 6, PWJ Rigby, ed, London, Academic Press, 1987; and 
Lichtenstein, C.P., and Draper, J,. In: DNA Cloning, Vol II, D.M. Glover, ed, 
Oxford, IRI Press, 1985)), (2) the particle delivery system (see, e.g., Gordon-Kamm 

25 et al., Plant Cell 2: 603,1990); or BioRad Technical Bulletin 1687, supra), (3) 
microinjection protocols (see, e.g., Green et al., supra), (4) polyethylene glycol 
(PEG) procedures (see,. e.g., Draper et al., Plant Cell Physiol 23: 451, 1982; or e.g., 
Zhang and Wu, Theor. Appl Genet. 76: 835, 1988), (5) liposome-mediated DNA 
uptake (see, e.g., Freeman et al, Plant Cell Physiol 25: 1353, 1984), (6) 

30 electroporation protocols (see, e.g., Gelvin et al., supra; Dekeyser et al., supra; 

Fromm et al., Nature 319: 791, 1986; Sheen, Plant Cell 2: 1027, 1990; or Jang and 

Sheen, Plant Cell 6: 1665, 1994), and (7) the vortexing method (see, e.g., Kindle 

supra). The method of transformation is not critical to the invention. Any method 
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which provides for efficient transformation may be employed. As newer methods 
are available to transform crops or other host cells, they may be directly applied. 

The following is an example outlining one particular technique, an 
Agrobacterhim-mediated plant transformation. By this technique, the general 
5 process for manipulating genes to be transferred into the genome of plant cells is 
carried out in two phases. First, cloning and DNA modification steps are carried out 
in E. coli, and the plasmid containing the gene construct of interest is transferred by 
conjugation or electroporation into Agrobacterium. Second, the resulting 
Agrobacterium strain is used to transform plant cells. Thus, for the generalized plant 

10 expression vector, the plasmid contains an origin of replication that allows it to 

replicate mAgi-obacterhim and a high copy number origin of replication functional 
in E. coli. This permits facile production and testing of transgenes in E. coli prior to 
transfer to Agrobacterium for subsequent introduction into plants. Resistance genes 
can be carried on the vector, one for selection in bacteria, for example, streptomycin, 

1 5 and another that will function in plants, for example, a gene encoding kanamycin 
resistance or herbicide resistance. Also present on the vector are restriction 
endonuclease sites for the addition of one or more transgenes and directional T- 
DNA border sequences which, when recognized by the transfer functions of 
Agrobacterium, delimit the DNA region that will be transferred to the plant. 

20 In another example, plant cells may be transformed by shooting into the cell 

tungsten microprojectiles on which cloned DNA is precipitated. In the Biolistic 
Apparatus (Bio-Rad) used for the shooting, a gunpowder charge (22 caliber Power 
Piston Tool Charge) or an air-driven blast drives a plastic macroprojectile through a 
gun barrel. An aliquot of a suspension of tungsten particles on which DNA has been 

25 precipitated is placed on the front of the plastic macroprojectile. The latter is fired at 
an acrylic stopping plate that has a hole through it that is too small for the 
macroprojectile to pass through. As a result, the plastic macroprojectile smashes 
against the stopping plate, and the tungsten microprojectiles continue toward their 
target through the hole in the plate. For the instant invention the target can be any 

30 plant cell, tissue, seed, or embryo. The DNA introduced into the cell on the 
microprojectiles becomes integrated into either the nucleus or the chloroplast. 



41 



WO 02/072782 



PCT/US02/07650 



In general, transfer and expression of transgenes in plant cells are now 
routine practices to those skilled in the art, and have become major tools to carry out 
gene expression studies in plants and to produce improved plant varieties of 
agricultural or commercial interest. 

5 

Transgenic Plant Regeneration 

Plant cells transformed with a plant expression vector can be regenerated, for 
example, from single cells, callus tissue, or leaf discs according to standard plant 
tissue culture techniques. It is well known in the art that various cells, tissues, and 

10 organs from almost any plant can be successfully cultured to regenerate an entire 
plant; such techniques are described, e.g., in Vasil supra; Green et al., supra; 
Weissbach and Weissbach, supra; and Gelvin et al., supra. 

In one particular example, a cloned constitutively active kinase domain of a 
MAPKKK (or a MAPKKK polypeptide or a kinase-containing fragment thereof); a 

15 constitutively active MAPKK polypeptide; or a WRKY polypeptide; or any 
combination thereof, is placed under the control of the nos promoter and the 
nopaline synthase terminator and carrying a selectable marker (for example, 
kanamycin resistance) is transformed into Agrobacterium. Transformation of leaf 
discs (for example, of tobacco or potato leaf discs), with vector-containing 

20 Agrobactej'hmt is carried out as described by Horsch et al. {Science 221 \ 1229, 

1985). Putative transformants are selected after a few weeks (for example, 3 to 5 
weeks) on plant tissue culture media containing kanamycin (e.g. 100 jig/mL). 
Kanamycin-resistant shoots are then placed on plant tissue culture media without 
hormones for root initiation. Kanamycin-resistant plants are then selected for 

25 greenhouse growth. If desired, seeds from self-fertilized transgenic plants can then 
be sowed in a soil-less medium and grown in a greenhouse. Kanamycin-resistant 
progeny are selected by sowing surfaced sterilized seeds on hormone-free 
kanamycin-containing media. Analysis for the integration of the transgene is 
accomplished by standard techniques (see, for example, Ausubel et al. supra; Gelvin 

30 et al. supra). 

Transgenic plants expressing the selectable marker are then screened for 

transmission of the transgene DNA by standard immunoblot and DNA detection 

techniques. Each positive transgenic plant and its transgenic progeny are unique in 
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comparison to other transgenic plants established with the same transgene. 
Integration of the transgene DNA into the plant genomic DNA is in most cases 
random, and the site of integration can profoundly affect the levels and the tissue 
and developmental patterns of transgene expression. Consequently, a number of 
5 transgenic lines are usually screened for each transgene to identify and select plants 
with the most appropriate expression profiles. 

Transgenic lines are evaluated for levels of transgene expression. Expression 
at the RNA level is determined initially to identify and quantitate expression- 
positive plants. Standard techniques for RNA analysis are employed and include 
10 PCR amplification assays using oligonucleotide primers designed to amplify only 
transgene RNA templates and solution hybridization assays using transgene-specific 
probes (see, e.g., Ausubel et al., supra). The RNA-positive plants are then analyzed 
for protein expression by Western immunoblot analysis using specific antibodies 
(see, e.g., Ausubel et al., supra). In addition, in situ hybridization and 
1 5 immunocytochemistry according to standard protocols can be done using transgene- 
specific nucleotide probes and antibodies, respectively, to localize sites of 
expression within transgenic tissue. 

In addition, if desired, once the recombinant MAPKKK polypeptide or its 
kinase domain, a MAPKK polypeptide, or a WRKY polypeptide, or any 
20 combination thereof is expressed in any cell or in a transgenic plant (for example, as 
described above), it may be isolated, e.g., using affinity chromatography. In one 
example, an anti-MAPKKK polypeptide antibody (e.g., produced as described in 
Ausubel et al., supra, or by any standard technique) may be attached to a column and 
used to isolate the polypeptide. Lysis and fractionation of MAPKKK-producing 
25 cells prior to affinity chromatography may be performed by standard methods (see, 
e.g., Ausubel et al., supra). Once isolated, the recombinant protein can, if desired, 
be further purified, for example, by high performance liquid chromatography (see, 
e.g., Fisher, Laboratory Techniques In Biochemistry And Molecular Biology, eds., 
Work and Burdon, Elsevier, 1980). 

30 

Engineering Disease Resistance 

As discussed above, plasmid constructs designed for the expression of 
constitutively active MAPKKKs or MAPKKs or expression of a WRKY gene 
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product are useful, for example, for activating plant defense pathways that confer 
anti-pathogenic properties to a transgenic plant. Such genes are isolated from a host 
plant and may be engineered for expression in the same plant, a closely related 
species, or a distantly related plant species. For example, cruciferous genes maybe 
5 engineered for constitutive low level expression and then transformed into an 
Arabidopsis host plant. Alternatively, the isolated cruciferous gene may be 
engineered for expression in other cruciferous plants, such as the Brassicas (for 
example, broccoli, cabbage, and cauliflower). Similarly, the MAPKKK, MAPKK, 
or WRKY is useful for expression in related solanaceous plants, such as tomato, 
10 potato, and pepper. To achieve pathogen resistance, it is important to express a 

constitutively active MAPKKX,MAPKK or a WRKY protein at an effective level. 
Evaluation of the level of pathogen protection conferred to a plant by ectopic 
expression of such polypeptides is determined according to conventional methods 
and assays. 

15 In one working example, constitutive ectopic expression of the ANPI or 

MEKKK gene in Russet Burbank potato is used to control Phytophthora infestans 
infection. In one particular example, a plant expression vector is constructed that 
contains the appropriate cDNA sequence expressed under the control of the 
enhanced CaMV 35S promoter as described by McPherson and Kay (U.S. Patent 

20 5,359,142). This expression vector is then used to transform Russet Burbank 

according to the methods described in Fischhoff et al. (U.S. Patent 5,500,365). To 
assess resistance to fungal infection, transformed Russet Burbank and appropriate 
controls are grown to approximately eight- weeks-old, and leaves (for example, the 
second or third from the top of the plant) are inoculated with a mycelial suspension 

25 of P. infestans. Plugs of P. infestans mycelia are inoculated on each side of the leaf 
midvein. Plants are subsequently incubated in a growth chamber at 27 °C with 
constant fluorescent light. 

Leaves of transformed Russet Burbank and control plants are then evaluated 
for resistance to P. infestans infection according to conventional experimental 

30 methods. For this evaluation, the number of lesions per leaf and percentage of leaf 
area infected are recorded every twenty-four hours for seven days after inoculation. 
From these data, levels of resistance to P. infestans are determined. Transformed 
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potato plants that express an constitutively active ANP1 or MEKK1 or both having 
an increased level of resistance to P. infestans relative to control plants are taken as 
being useful in the invention. 

Alternatively, to assess resistance at the whole plant level, transformed and 
5 control plants are transplanted to potting soil containing an inoculum of P. infestans. 
Plants are then evaluated for symptoms of fungal infection (for example, wilting or 
decayed leaves) over a period of time lasting from several days to weeks. Again, 
transformed potato plants expressing the ANP1 or MEKK1 or both having an 
increased level of resistance to the fungal pathogen, P. infestans, relative to control 
10 plants are taken as being useful in the invention. 

In another working example, expression of an IVL\PKKK, MAPKK, or 
WRKY in tomato is used to control bacterial infection, for example, to 
Pseudomonas syringae. Specifically, a plant expression vector is constructed that 
contains the cDNA sequence of one or more of the genes encoding these 
1 5 polypeptides is expressed under the control of the enhanced CaMV 35S promoter as 
described by McPherson and Kay, supra. This expression vector is then used to 
transform tomato plants according to the methods described in Fischhoff et al., 
supra. To assess resistance to bacterial infection, transformed tomato plants and 
appropriate controls are grown, and their leaves are inoculated with a suspension of 
20 P. syringae according to standard methods, for example, those described herein. 
Plants are subsequently incubated in a growth chamber, and the inoculated leaves 
are subsequently analyzed for signs of disease resistance according to standard 
methods. For example, the number of chlorotic lesions per leaf and percentage of 
leaf area infected are recorded and evaluated after inoculation. From a statistical 
25 analysis of these data, levels of resistance to P. syringae are determined. 

Transformed tomato plants that express an MAPKKK, MAPKK, or WRKY gene 
having an increased level of resistance to P syringae relative to control plants are 
taken as being useful in the invention. 

In still another working example, expression of an MAPKKK, MAPKK, or 
30 WRKY gene of rice is used to control fungal diseases, for example, the infection of 
tissue by Magnaporthe grisea, the cause of rice blast. In one particular approach, a 
plant expression vector is constructed that contains the cDNA sequence of the rice 
MAPKKK, MAPKK, or WRKY gene that is constitutively expressed under the 
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control of the rice actin promoter described by Wu et al. (WO 91/09948). This 
expression vector is then used to transform rice plants according to conventional 
methods, for example, using the methods described in Hiei et al. (Plant Journal 
6:271-282, 1994). To assess resistance to fungal infection, transformed rice plants 
5 and appropriate controls are grown, and their leaves are inoculated with a mycelial 
suspension of M grisea according to standard methods. Plants are subsequently 
incubated in a growth chamber and the inoculated leaves are subsequently analyzed 
for disease resistance according to standard methods. For example, the number of 
lesions per leaf and percentage of leaf area infected are recorded and evaluated after 
10 inoculation. From a statistical analysis of these data, levels of resistance to M. 
grisea are determined. Transformed rice plants that express a gene having an 
increased level of resistance to M. grisea relative to control plants are taken as being 
useful in the invention. 



15 Use 

The invention described herein is useful for a variety of agricultural and 
commercial purposes including, but not limited to, improving pathogen resistance, 
increasing crop yields, improving crop and ornamental quality, and reducing 
agricultural production costs. In particular, ectopic expression of a kinase domain of 

20 a MAPKKK polypeptide (or a MAPKKK polypeptide or a kinase domain- 
containing fragment thereof); a MAPKK polypeptide, or a WRKY polypeptide in a 
plant cell provides resistance to a plant pathogen and can be used to protect plants 
from pathogens that reduces plant productivity and viability. The invention 
therefore provides pathogen and disease resistance to to plants, especially crop 

25 plants, most especially crop plants such as tomato, potato, cotton, pepper, maize, 
wheat, rice, and legumes such as soybean, or any crop plant that is susceptible to 
pathogens. For example, transgenic maize and soybean may be genetically 
engineered to express a kinase domain of a MAPKKK (e.g., NPK1 or an ANP such 
as ANP1, ANP2, or ANP3), a MAPKK polypeptide, or a WRKY polypeptide, or 

30 any combination thereof according to standard methods, such as those described in 
Adams et al. (U.S. Pat. 5,550,318) and Collins et al. (U.S. Pat. 5,024,944). Methods 
for transforming wheat with such genes are described in Fry et al. (U.S. Pat. 
5,631,152). 
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Other Embodiments 
The invention further includes the use of analogs of any naturally-occurring 
MAPKKK polypeptide, a MAPKK polypeptide, or a WRKY polypeptide. Analogs 
5 can differ from the naturally-occurring kinase domain by amino acid sequence 
differences, by post-translational modifications, or by both. Analogs of the 
invention will generally exhibit at least 40%, more preferably 50%, and most 
preferably 60% or even having 70%, 80%, or 90% identity with all or part of a 
naturally-occurring kinase domain amino acid sequence. The length of sequence 
10 comparison is at least 15 amino acid residues, preferably at least 25 amino acid 
residues, and more preferably more than 35 amino acid residues. Modifications 
include in vivo and in vitro chemical derivatization of polypeptides, e.g., acetylation, 
carboxylation, phosphorylation, or glycosylation; such modifications may occur 
during polypeptide synthesis or processing or following treatment with isolated 
15 modifying enzymes. Analogs can also differ from the naturally-occurring kinase 
domain polypeptide by alterations in primary sequence. These include genetic 
variants, both natural and induced (for example, resulting from random mutagenesis 
by irradiation or exposure to ethyl methylsulfate or by site-specific mutagenesis as 
described in Sambrook, Fritsch and Maniatis, Molecular Cloning: A Laboratory 
20 Manual (2d ed.), CSH Press, 1989, or Ausubel et al., supra). Also included are 
cyclized peptides, molecules, and analogs which contain residues other than L- 
amino acids, e.g., D-amino acids or non-naturally occurring or synthetic amino 
acids, e.g., or amino acids. 

In addition, the invention also includes kinase domain fragments. As used 
25 herein, the term "fragment," means at least 50 contiguous amino acids, preferably at 
least 130 contiguous amino acids, more preferably at least 160 contiguous amino 
acids, and most preferably at least 190 to 230 or more contiguous amino acids. 
Fragments of kinase domain polypeptides can be generated by methods known to 
those skilled in the art or may result from normal protein processing (e.g., removal 
30 of amino acids from the nascent polypeptide that are not required for biological 
activity or removal of amino acids by alternative mRNA splicing or alternative 
protein processing events). In preferred embodiments, a kinase domain fragment 
(e.g., a fragment of NPK1, ANP1, AKP2, or ANP3) is capable of activating the 
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transcription of a plant defense gene. Methods for evaluating such activity are 
described herein. 

All publications and patent applications mentioned in this specification are 
herein incorporated by reference. 
5 Other embodiments are with the claims. 

What is claimed is: 
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Claims 

1 . A method of enhancing resistance to a plant pathogen in a plant, said 
method comprising: 

5 (a) providing a transgenic plant cell that expresses an isolated DNA molecule 

encoding a kinase domain of a MAPKK polypeptide; and 

(b) regenerating a plant from said plant cell wherein said isolated DNA 
molecule is expressed in said plant, and wherein said plant has enhanced resistance 
to a plant pathogen compared to a corresponding untransformed plant. 

10 

2. The method of claim 1, wherein said plant is a dicot. 

3. The method of claim 2, wherein said dicot is a crucifer. 

15 4. The method of claim 3, wherein said crucifer is Arabidopsis. 

5. The method of claim 1, wherein said plant is a monocot 

6. The method of claim 1, wherein said kinase domain is constitutively 

20 active. 

7. The method of claim 1, wherein said MAPKK polypeptide is MKK4. 

8. The method of claim 1, wherein said MAPKK polypeptide is MKK5. 

25 

9. The method of claim 1, wherein said MAPKK polypeptide activates a 
gene involved in pathogen defense. 

10. The method of claim 1, wherein said MAPKK polypeptide activates the 
30 PALI, GST1, WRKY29, or PR1 gene promoters. 



49 



WO 02/072782 PCT/US02/07650 



1 1 . A method of enhancing resistance to a plant pathogen in a plant, said 
method comprising: 

(a) providing a plant cell that expresses an isolated DNA molecule encoding 
a kinase domain of a MAPKKK polypeptide; and 
5 (b) regenerating a plant from said plant cell wherein said isolated DNA 

molecule is expressed in said plant, and wherein said plant has enhanced resistance 
to a plant pathogen compared to a corresponding untransformed plant. 

12. The method of claim 11, wherein said plant is a dicot, 

10 

13. The method of claim 12, wherein said dicot is a crucifer. 

14. The method of claim 13, wherein said crucifer is Arabidopsis. 
15 15. The method of claim 1 1 , wherein said plant is a monocot. 

16. The method of claim 11, wherein said kinase domain is constitute vely 

active. 

20 17. The method of claim 11, wherein said MAPKKK polypeptide is 

MEKK1. 



18. The method of claim 1 1, wherein said MAPKKK polypeptide is ANP1 . 

25 19. The method of claim 11, wherein said MAPKKK polypeptide activates a 

gene involved in pathogen defense. 

20. The method of claim 11, wherein said MAPKKK polypeptide activates 
the PALI, GST1, WRKY29, orPRl gene promoters. 

30 
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21. A method of enhancing resistance to a plant pathogen in a plant, said 
method comprising the steps of: 

(a) providing a plant cell that expresses an isolated DNA molecule encoding 
a polypeptide comprising a polypeptide having substantial identity to a WRKY 

5 polypeptide; and 

(b) regenerating a plant from said plant cell wherein said isolated DNA 
molecule is expressed in said plant, and wherein said plant has enhanced resistance 
to a plant pathogen compared to a corresponding untransformed plant. 

10 22. The method of claim 21, wherein said plant is a dicot. 

23. The method of claim 22, wherein said dicot is a crucifer. 

24. The method of claim 23, wherein said crucifer is Arabidopsis. 

15 

25. The method of claim 21, wherein said plant is a monocot. 

26. The method of claim 21, wherein said WRKY polypeptide induces its 
own expression. 

20 

27. An isolated nucleic acid molecule having a nucleotide sequence for a 
promoter that is capable of initiating pathogen- inducible transcription in a plant 
cell, wherein said nucleotide sequence is selected from the group consisting of: 

a) a nucleotide sequence comprising the sequence set forth in Figures 15 or 

25 16; 

b) a nucleotide sequence comprising at least 40 contiguous nucleotides of the 
sequence set forth in Figures 15 or 16; and 

c) a nucleotide sequence that has at least about 70% sequence identity to a 
sequence set forth in a) or b). 

30 

28. A DNA construct comprising a nucleotide sequence of claim 27 
operably linked to a heterologous nucleotide sequence of interest. 
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29. A vector comprising the DNA construct of claim 27. 

30. A host cell having stably incorporated in its genome the DNA construct 
of claim 27. 

5 

31. A method for expressing a heterologous nucleotide sequence in a plant, 
said method comprising transforming a plant cell with a DNA construct comprising 
said heterologous nucleotide sequence operably linked to a promoter that is capable 
of initiating transcription in a plant cell and regenerating a stably transformed plant 

10 from said plant cell, wherein said promoter comprises a nucleotide sequence 
selected from the group consisting of: 

a) a nucleotide sequence comprising the sequence set forth in Figures 15 or 

16; 

b) a nucleotide sequence comprising at least 40 contiguous nucleotides of the 
15 sequence set forth in Figures 15 or 16; and 

c) a nucleotide sequence that has at least about 70% sequence identity to a 
sequence set forth in a) or b). 

32. The method of claim 31, wherein said plant is a dicot. 

20 

33. The method of claim 32, wherein said dicot is a crucifer. 

34. The method of claim 33, wherein said crucifer is Arabidopsis. 
25 35. The method of claim 31, wherein said plant is a monocot. 
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36. A plant cell stably transformed with a DNA construct comprising a 
heterologous nucleotide sequence operably linked to a promoter that is capable of 
initiating transcription in said plant cell, wherein said promoter comprises a 
nucleotide sequence selected from the group consisting of: 

a) a nucleotide sequence comprising the sequence set forth in Figures 15 or 

16; 

b) a nucleotide sequence comprising at least 40 contiguous nucleotides of the 
sequence set forth in Figures 15 or 16; and 

c) a nucleotide sequence that has at least about 70% sequence identity to a 
sequence set forth in a) or b). 

37 The plant of claim 36, wherein said plant is a dicot. 

38. The plant of claim 37, wherein said dicot is a crucifer. 
15 

39. The plant of claim 28, wherein said crucifer is Arabidopsis. 

40. The plant of claim 36, wherein said plant is a monocot. 
20 41 . Seed of the plant of any one of claims 36-40. 
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paranoia 



(s**on ai Das) xxasssssndndddTiTiOHriNOdSH 

NOSdSVOTMdHOTlOWTCHHHOa^ 

HNDiUAMTtfATSSSd^IA^AAI^^ 
SdYSDSSODSDOSiddrEdT^VTESAOHOd^daXTO^ 

; ( sproBoarniH 99£) eouanJ&es ur&qoxd &<Mq-pijM 

(I : *ON CLE OaS) Kp^D^oo^oo^D^oq 

^^o£^^^£^££e^^o£e££^^^TS^e£e££^o£q^q^6£^B£^^£B^£££eD^e 
£^^^£ao^3^^^££^£^£^OD^£^£^^e^^o£^qpooe^££^^£^D^eg^ee 

q£DD£B^oDqD^eqqD£^qqa££q£BqqoqqB£^oq£oqoqHqoqH£ao£H^qHBO 
eHD£e£B-eH££q6q£^oqo£q££BH£eqqqoqq££HH'eqB££qpqqq£^6qqo£qq 
q^££eDD^£B£^££o^^£Ba^£q^^£^£^£oBO^£^^6q£^q£o^B^DO^o 
q^B6^£^£B£oe^qqq , B£^£o^B£e£e£Bq£qDqe£eoq£o^£B£q£qD©£B££B£ 
DPOoepq££D^qB^£q££^^qqo^o£q^^qoq£oq3qq£^£ooq5oo^3qqB5q£ 

^B^OB^£HH£o£B'B£HqHDoqo£HOH'BqDeDHH£DHeoqqoq£D££oqq£6q6£qoq 
qoqBoDEo£^D^££q£Hqoqo££q££Doqq££q££ooqqDBqooBDDoqoqooqqo 
qDOBq6qo£oqDqDqqq£^£o£oeeDqDoqqD£oo^qqoo^qqoq^£qooqBoo£o 
a5oooDa£oD£BBBPfia5£D033£ooa3a£^££gooqoo£oq^oa^g£oog6p E^| 

suopoo pud oq. fefigjUl mo <xj Bousnb&s YNOo sdAq-pjjM 
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Mutations rendering MKK4 cons t i tut ively active: 




The mutations were done by PCR using the primers (mutated base pairs 
in lower case, both are from 5' end to 3' end) : 

CTTGGCTCAG^TATGGATCCGTGTAATSgSATCTGTTGGAAC 
TCCAACAGATitpATTACACGGATCCATA^jCTGAGCCAAG (SEQ ID NO. 3) 

So the sequences after mutations are : 

MKK4act mutant sequence from §j|^f] to |enj3 codons 
(1101 base pairs including the end TAG): 

l^agaccgattcaatcgcctccaggagtttccgttccggtgaaaagccgtccccgtcgccgtcctgat 

cttaccttaccgcttcctcaacgcgatgtttctctcgctgtacctcttcctctcccacctacttccggt 

ggttccggtggctctagtggatctgcgccgtcttctggtggttcggcgtcttcaacgaacactaacagc 

tccatagaagcgaagaactattcggatttagtgagaggtaaccgtatcggaagcggagcaggtggaacg 

gtatacaaagtgattcaccgtccgagttctcgtctatatgcacttaaggtgatatacggtaaccacgag 

gagactgtgagacgtcagatctgtagagagatcgagattttacgagatgtgaatcatccaaacgttgtg 

aaatgtcacgagatgtttgatcagaacggtgagatccaggttttgcttgagtttatggataaaggttct 

ttagaaggtgctcatgtgtggaaagagcaacaattagctgatctatctcgtcagattcttagtggttta 

gcttatctccatagccgtcacatagttcatcgtgatatcaaaccatcgaatcttttgataaactctgct 

aaaaacgttaagattgctgattttggagttagtaggatcttggctcagHtatggatccgtgtaat^a 

tctgttggaaccattgcttatatgagtcctgagaggattaacactgatttgaatcagggaaagtatgat 

ggttatgctggagatatttggagcttaggtgttagcattttggagttttacttggggaggtttcctttc 

cctgtgagtagacaaggtgattgggctagtcttatgtgtgccatttgtatgtctcagcctccagaagct 

ccagcgactgcgtcgccggagtttcggcattttatctcgtgttgcttgcagagagaaccggggaaaagg 

aggagtgctatgcagctattgcagcatcctttcatattaagagcaagtccgagccagaacaggtctcct 

cagaatctacatcaactcttgcctcctcctcgtcctctgtcctcgtcttcttctccaaccaca|tag 

(SEQ ID NO. :4) 

MKK4act mutant protein sequence (366 azoinoacids ) : 

>mPIQSPPGVSVPVKSRPRI^PDIiTLPLPQRDVSIiAVPLPLPPTSGGSGGSSGSAPSSGGSASSTNTNS 

SIEAKNYSDLTOGNRIGSGAGGTVYKVIHRPS 

KC^MFDQNGEIQVLLEFmKGSLEGAHVWKEQQL^ 

KNVKIADFGVSRlLAQlMDPCNg^ 

PVSRQGDWASLMCAICMSQPPEAPATASPEFRHFISCCLQ 
QNLHQLLPPPRPLSSSSSPTT (SEQ ID NO.: 5) 



FIGURE 5 
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^D^66HHD^e66^B^^^6H6q^o6^^q^B6HOO^H6e6qBBDBB^HD^-e6q.^^6^ 
^BoHD^B^BHBB^B^^BoBBeDO^HO^B^qB^BBeBHB^^D^BHBD^EBHBBBB 
^6^o^BBH0^6DeBe6^6oo^qBB , eB6D - BODEBP66DH^q^6^£H*e-eD^o^D6o^*5 
^D0^6DBD^Bo , BBoD^OBO^oo^ , e^6eBeo^^'4^66oBH6BB66oDBB66D6Be66 
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qOOHqBDOBoqDqoBDqBOHBoBODGOHDOOqDHDOHqqoBHH^OOBBqDO^BOHP-B 

DBoB^qqBooH'eBBeB^Bqoo^DqqoBEqBHBBqD^qDoqo^^oqq-eBooBBB^g 

: (DViL ©74 Burpnxour sxred Bs-eq 

euopoo 'pirsf urcxxj sorranj&ssr YNGZ> sd^l-PITM 
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Mutations rendering MKK5 constxtutively active; 




-;. modify, Serine (S> 221 to .Glutamic Acid/ (E) 'by ' "changing 
codon TCA_ i n to jGAAj 

The mutations were done by PCR using the primers (mutated 
base pairs in lower case, both are from 5' end to 3' 
end) : 

CTTGGCACAA|||AATGGATC CTTGTAATg aSATCTGTTGGT 

ACCAAC^GATtcATTACAAGGATCCATT^TTGTGCCAAG (SEQ ID NO.: 8) 

So the sequences after mutations are: 

MKKSact mutant cDNA sequence from jjjjjgjg^gj to !eiid 
codons 

(1047 base pairs including the end TAG): 

^paaaccgattcaatctccttctggagtagcttcacctatgaagaaccgtttacgc 
aaacgtcctgacctaagcttaccactcccacaccgcgacgtcgctctcgccgtacct 
ctccctctcccacctccttcttcctcttcatccgctccggcgtcttcctccgcgatc 
tcaaccaacatctccgccgctaaaagcttatccgagctagaacgagtgaaccgaatc 
ggaagcggagccggaggaacggtttacaaagtaatccacactccgacgtcacgtcct 
ttcgctctcaaagtgatttacggaaaccacgaagataccgtgagacgtcagatctgt 
agagagatcgagatcttaagaagtgttgatcatccaaacgttgtgaaatgtcacgat 
atgtttgatcataacggtgagatccaggttttgcttgagtttatggatcaaggatct 
cttgaaggagctcatatatggcaagaacaggaattagctgatctctctcgtcagatt 
cttagtggattagcttatcttcatcgtcgtcatatcgttcatcgtgatatcaaacct 
tcgaatctccttataaactcagctaaaaatgtgaaaattgctgattttggtgtgagt 
aggatcttggcacaa^aatggatccttgtaat§a]atctgttggtactattgcttat 
atgagtcctgagaggattaatactgatttgaatcatggtcgttacgatggttatgct 
ggagatgtttggagtttaggtgttagtatcttggagttttacttggggaggtttcct 
tttgctgtgagtagacaaggtgattgggctagtcttatgtgtgctatttgtatgtct 
cagccacctgaagctccggctacggcgtctcaggagtttcgtcactttgtttcttgt 
tgtttacagagtgatcctcctaagagatggtcagctcaacagcttttgcagcatcct 
ttcatacttaaagctaccggtggtcctaatctccgtcaaatgttgccgccgcctcgt 
cctcttccttctgcctctjtag (SEQ ID NO.:9) 

MKKSact mutant protein sequence (348 aminoacids ) : 

MKPIQSPSGVASPMKNRLRKRPDLSLPLPHRDVALAVPLPLPPPSSSSSAPASSSAI 
S TN I SAAKS LS ELERVNRI G S GAGGTVYKV I HTPT S RPFALKVI YGNHEDTVRRQ I C 
REIEILRSVDHPNVVKCHDMFDHNGEIQVLLEF^QGSLEGAHIWQEQELADLSRQI 
LSGLAYLHRRH I VHRD I KP SNLL I NS AKNVKI ADFGVS RI LAQ[MDP CNES VGT I AY 
MSPERINTDLNHGRYDGYAGDVWSLGVS I LEFYLGRFPFAVSRQGDWASLMCAI CMS 
QPPEAPATASQEFRHFVSCCLQSDPPKRWSAQQLLQHPFILKATGGPNLRQMLPPPR 
PLPSAS (SEQ ID NO.: 10) 
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OOSOOSXddrLdqdA^SAOHOdldrEXrEadHHHd^S^AdASAOddSDldHW fr)DIW 
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Relative Promoter Activity 
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WRKY29 promoter fragment 

5'- 

TCGTCCATGATGGACATATATGTGACTGCGTATTTACACACACCGCACGTATGCTTATTTCACA 
CGTTAGAAGAAGAATTCAAAGAAGTCGGTTCT^ 

AATATCGTTCTATTAATATACGTATAATTCATATGTTGTCATGGTTTCACATACCATGTCGACA 

GTCGACGTACGTACAAAAGTATAAATAGTATGAATCTAATAACAGCACCAAGATTGAAGTT 

ATCTTCTTAATCAAAACTATCATAAAGTGGTITCAAAATAGTGTTTT^ 

TGAGTTATAATCAATCCGAAATTATATAACTAATTATAm 

CATGAGCAGTTTCTTATTTTTTTTGTCC^ 

TTACACAATGAAAACACAAGAAGTCAAGAACCCATAAGTTATTrrAATTAATAATA 

TAAAGTGATTATTAAAAAATAATGTAAAAACTGATTATTTG 

AGTTAAATAGTATTGATGCATATATATACTATCTCATTATTITGGTATTACT^ 

CTTTAATAAAGACAAAGATAGTTAGTGTATAATTCAAATCGAACTC 

GCGTAAAAATACAAAAATATCTGGCAGACTTTAGCAAGGTTTGTm 

TTTCAGAATCATTTAC ATATC CATATATATAGCT 

TCGTTTAAATAATTTTGTTTTCTGTAAATTTCAA^ 

ATATTTAGTGTATTATCATCAATATATGACATAGACAGACTITCAAGTTGGTGCAAGAGGGGA 

TGAAAATTTCTTCCCAGTTGCAAGAGTAAGCTGACTAGCATl'f ' 1 T1T1 TI ATATATAATTTATTT 

CTCAAATGGTTTTTATTATTGTTTTGTTGACm 

CCGTGCCAACITITAATCTCCATCGCCTAAAAAAGAAAGAAAAGGCT 

ATATTTAAGACCATAATACAAAATTATACGAATATTTTCTGTAAC^ 

ACAAAGCAAAGTCAATCAAATAAACTTCAAAGAAATTATGAGCTTATAA 

GTTAAATATAATCAAATCATTAAATTTAGTATTTATTTCATCTC 

ATAAATGAAAGATAGCATCGCCAATAATGAAAAAACT^ 

TCATTTCTGTTTTCTT.AATTTCATGTCGAAATATTGC 

GAGGTAACAAGTTAAAAATTTGTTATATTTTTTGAATATGT^ 

TGTAAGTAAAAACAAACATAAGAAGTTAACATATCAATATTAACACAGCGAATAATCATTATT 
ACAAAAAAAAGCA^^ 

GTTGGGAAGATTTTGTGCTATGGGATTAAAGGTATCCATCOTA 

GGTTATTQGACCAATCTATATATATTACCACAAGGCTTAAGATGAAGTGATAATACAGTATTA 

TTAATACCCTCCCAAATTAT1T1TAAATATTTATCAAAAGAAG 

GCAGCATTATTCTATAAGTTTATTTAATTTCAGTGGCTCGTTA 

ATAGACTTACGTGCCCCATTAAACACATACATAATTATACAAGTATCATGAAACTAGTGACAA 

AACCTCGATCAAATAAAGAAATTACCATGACGACAAAAGATAATTAAAAAAAAAACTACT 

ATGTCATACTCATGCATATGCATGTACAAATGCCGCITrAAATAm 

GATATTTAAATTCTCTCTACTTCATATATATTCCAAAAGACATATTGTCAAATT 

TTATATATAATCATATATTCATATTGTTATATTTTCAATATTTAATAGTAAGA 

AATGTTGTGTAT GATTT ATAATTTGAGATAT^ 

TACTTTATTAAAATTTTCTAAACATTTAGGTACGAATT^ 

AITITAAAAGTTTAATGACTTAACGGGTTCACATGGGAAACGAAAACACCCT 

CAATCTAATCTTATTTCCTTCTTTATATAAACCGCT 

GTACTTGTACACCAACCCACCAAAAGAGATAAAAGAGGAAACAAAAACTCGAAAAGAGAGA 
GATATATGGGTGAGGTGGCTTAT - 3' (SEQ ID NO.: 13) 
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VX9WXXWOX90VD9WVDV9V9D39^ 
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DIX9WVXX3XXV0W90DXO9IO9X9D^^ 

WOVX9WXWD9XVXVW99XVDDWWV99VTO^ 

XLXWVXXWIJXIOVXVXVWOIDV9VIXVIJ^ 

±DVVIJ1J.VDV1VVVVVI1DV1VV±VV^ 

XV3VYVDXOXIDXLXXDDWOXVVWXXVXXXV0DV0XXXX 

VXWX9VXVXVXVD9VXVXX9XD9X9XV9X9XXLV3VXXX3^ 

OVOXDXLOVOOOIXVXDVYVDVXVXVVVVVWXOaXXVOXDVVOXX 
DJXVVVVVWXVWXXVXVXDV9XXDDVX9WDXDXLVXXVW0DXXXXDOX 

XDODDXOXOOVWXDXVOVVVWXWXOVOXVOXOVWOIJOVW 

VWXIXXOD0OXVDXV90DOVW9XX9DXVX 

9XX9VXDVIXWXIOV9XXVXXVVVVVWXVVVVV^^ 

XVXW0WXDWV0XWD99XV99X9XXXXVXL^^^ 

WVXX91XIXDIDX9VXWOVDXVXWXXV0VXV^ 

WWDWVOVDIXWODOW^XVDIXDXW^ 
DXX3DVXXXV9VW99XX99V99XXV9X9VIX^ 

V09X9VVWXDWDDXVXVE0JXVVV^ 
X9V9XVIDXDXW9XDDVXV0XVD9VI^ 

X9V0909VXlVIJO9DV999VXXVX9VWV9I^^^ 

VVDXVXIXXX9D£)0VWXXVWIXXWXDXLVXX9VXXVX99WD9V 

XXI£)XDVWVXX9DXIDVXXWTO^ 

WO WV99XXX WX9 WV9 V9XXXX WD WVDX99XV JJXXXD VVVVDDXDXVIX99XX99XX 
XXWXVX9XVXD9V090X99XXDX00XJDV0JL30XIJJJJJ^ 

VXXWX3VDVW99X9DX9VX9909D99W9V19XL99X9XX90VD9X9XXVX19V9X9XWX 
XV99XVXVXWXV0XX999W30XLX99DVWVD^^ 
VXDXVDX3V9XVXV9X0XW9V99V9XD^ 
XXV9VW9XIX9XDWV99XXXVWWV001^^ 

WDXVaVDXVOW9VDDV99DXVXXW9VXX9XXIDDV09XVOXX99V9XV9VaiXXXDXVDO 
WIDWDX9XLXVXXVXVXXXV9XXXXDV9V9XVXVVDX99XVXVDXVW 
99XVD9XV9VXVIXVWXXXXVXVXVXIOWXXVD9XXIXXDWXXXD9V 
XIJXXXV99XXOXXXXXDXV99WXXWDJJJXOVJDV9VDXIXIJXXV 

9VIXXW9W31XVXDX93XVX93DVWXV0VXLXD90X9XVDXWXVXVX9XVD3VVDXVOXX 
XXIXDVDVWV9WX9DVDXDXWXDV^ 

ynynn ^xr>99 T T T91YT9T TjjT.Tii.Tjjjjjj.ivnvni.wi.nnwTvnTWTnjr)QjnjJJJXV 
99XW1XXXX9JDV9VXLVXXVVXL0XVWX0WX3VXDVXXV9VDXV9X0XX9WDVXVD0V9 
V9X3XXXV9X99X9999XVW90XV9V9VIV9VJX03DXDV9XD00WXXV9VXVXVXXV99X 
XDVXW9WDXXXW9XV9XX9DVXWXDWXVDV9V90X9IDX9XWXVX9X9X9V99WW 
DDX99XDVW9XVWDVDV9WDWCOVIXXXIXXXX9X9XDX9XXXVWOVX9V9W 
VVVVVVW9WVVVWVWW^9V9W 
IDIJ£>IXDXX990XXV9VXVX9DXVXVXW^^ 

93XVXV9DOX99V99V9VX093W9D9X0VD0XV9V00XXXWX9JJOJJJJJnXX0XJaTJJX 
X9XXWVXDD0VWXDWVXX0XXXXVXXXX99VXXXD99VXDI0^ 

v. T.T.wrn. t - T ry\f t . t r> t t rn/r t_t j vt r>r>ij^j> vni.no vnr>f^vvr>jj at jvnjjr>vvf)X9V3V9X9 

-,S 



0S9Z,0/Z0Sfl/13d 



Z8LZLQIZ0 OAV 



WO 02/072782 PCT/US02/07650 

17/22 



1 7 A chx - 4 

Flg22 - + ~ 

0 0.5 1 2 4 0 0.51 2 4 0 0.5 1 2 4 0 O.S 1 2 4(h) 

WRKY29 

FRK1 " 

GST6 - — w 

RD29A * — 

UfiOfO 

CHX - 4 

Flg22 4 - 4 

0 4 16 0 4 16 0 4 16 0 4 16(h) 

PRf - 

PR5 - - 
UBQ10 



17B 



40- J 10-j T 

Kj , Li i i J 

0 H. » ,1 -■■1-1 0 — »"*■! 



Hg22 1+^+1+ 
ST - + - - + - 
U0126 - - + - - + 
WRKY29 FRK1 



1+1+1+ 
- + - 



H-1+1+ 1+1+1+ 

- + - - + - 

- - + - - + 



GST1 GST6 RD29A 



17 C 




Flg22 1+1+1+ 1+1+1+ 1+1+1+ 1+1+1+ 1+1+1+ 
FLS2 --+-- + .-+..+ __ + 
F 1 t F t 1 Fit Fit Fit 



VVRKY29 FRK1 



GST1 GST6 RD29A 



17D 



40 

£ >-30 

ii 20 

a.< 10. 



F»g22 2+1+ -+-+ 
MKP1 - + - + 
WRKY29 FRK1 




1+1+ 1+1+ 1+1+ 
- + - + - 4 

GST1 GST6 RD29A 



FIGURES 17 A-D 




00 



1 i> 

3 3 |3 



00 

O 



8 



3 3 W * <D 




00 
> 



00 



DO 



3 
> 

1 = 1 

=. s M 2 



■ma 



m& ■ i' • 
Itm .-dp* 

«K£ •• • I 
IB© ♦ I 



mm 



A 

S 

00 



4 

3 
09 
U 



0S9£0/Z0SflALDd 



zzm 



ZSLZLWZO OM 



WO 02/072782 PCT/US02/07650 

19/22 



D. 
CD 

E 




CO 




SS2f * 



< 
s 



* s 

< ft- 

I I 



c 

i 

fl- 
irt 

5 



■ □ 



ID 

CM 



< 
CM 

Q 



8 



||| « » w » o §j* 




LU 
i 

< 

CO 
111 

o: 
z> 
o 



J * 

J CM 



3 



« a to « o C 



o 

CM CO 



1** 



a-v 02 saunou 



9iSO IMHJ KM&tA 
♦ - ♦ - 




ZZ&U 



QQZ 



ow 1 ovT- ow- 







1 













MMMdVW 
o 9AIPV 



St 



M 

M So 

OB «S 
SE t 



3 02 



6Z 

V6ZQH 91SO ^HJ A*HM 
OW- OW" OW- 



0 BAIPV 



01 



si 

II 




(lipoid MMNdVW 
^SAi|DV SMMW 
SMXW 

MXMdVW 3Atpv 



aoz 



V03 



059L0/Z0Sfl/X3d 



ZSLZLOflO OAV 



zz aarvou 



f ♦ 

uofldjeauaii aue© asuodsau aummut ^ | 
















1 






e vara. 




2STU 




















joitteootmtn 















e|ii|dosoJC] sjeiuLUBW sisdopiqaiy 



0S9I0/I0SO/XDd 



lllll 



ZSLZLOIZO O/W 



WO 02/072782 PCT/US02/07650 

SEQUENCE LISTING 
<110> The General Hospital Corporation 

<120> Master Activators of Pathogen Responsive 
Genes 

<130> 00786/397WO2 

<150> US 60/275,199 
<151> 2001-03-12 

<160> 14 
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<210> 1 
<211> 1101 
<212> DNA 

<213> Arabidopsis thaliana 
<400> 1 

atgagaccga ttcaatcgcc tccaggagtt tccgttccgg tgaaaagccg tccccgtcgc 60 
cgtcctgatc ttaccttacc gcttcctcaa cgcgatgttt ctctcgctgt acctcttcct 120 
ctcccaccta cttccggtgg ttccggtggc tctagtggat ctgcgccgtc ttctggtggt 180 
tcggcgtctt caacgaacac taacagctcc atagaagcga agaactattc ggatttagtg 240 
agaggtaacc gtatcggaag cggagcaggt ggaacggtat acaaagtgat tcaccgtccg 300 
agttctcgtc tatatgcact taaggtgata tacggtaacc acgaggagac tgtgagacgt 360 
cagatctgta gagagatcga gattttacga gatgtgaatc atccaaacgt tgtgaaatgt 420 
cacgagatgt ttgatcagaa cggtgagatc caggttttgc ttgagtttat ggataaaggt 480 
tctttagaag gtgctcatgt gtggaaagag caacaattag ctgatctatc tcgtcagatt 540 
cttagtggtt tagcttatct ccatagccgt cacatagttc atcgtgatat caaaccatcg 600 
aatcttttga taaactctgc taaaaacgtt aagattgctg attttggagt tagtaggatc 660 
ttggctcaga ctatggatcc gtgtaattca tctgttggaa ccattgctta tatgagtcct 720 
gagaggatta acactgattt gaatcaggga aagtatgatg gttatgctgg agatatttgg 780 
agcttaggtg ttagcatttt ggagttttac ttggggaggt ttcctttccc tgtgagtaga 840 
caaggtgatt gggctagtct tatgtgtgcc atttgtatgt ctcagcctcc agaagctcca 900 
gcgactgcgt cgccggagtt tcggcatttt atctcgtgtt gcttgcagag agaaccgggg 960 
aaaaggagga gtgctatgca gctattgcag catcctttca tattaagagc aagtccgagc 1020 
cagaacaggt ctcctcagaa tctacatcaa ctcttgcctc ctcctcgtcc tctgtcctcg 1080 
tcttcttctc caaccacata g 1101 
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35 40 45 
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agaggtaacc gtatcggaag cggagcaggt ggaacggtat acaaagtgat tcaccgtccg 300 

agttctcgtc tatatgcact taaggtgata tacggtaacc acgaggagac tgtgagacgt 360 

cagatctgta gagagatcga gattttacga gatgtgaatc atccaaacgt tgtgaaatgt 420 
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<210> 8 
<211> 80 
<212> DNA 

<213> Arabidopsis thaliana 
<400> 8 

cttggcacaa gaaatggatc cttgtaatga atctgttggt accaacagat tcattacaag 60 
gatccatttc ttgtgccaag 80 

<210> 9 
<211> 1047 
<212> DNA 

<213> Arabidopsis thaliana 
<400> 9 

atgaaaccga ttcaatctcc ttctggagta gcttcaccta tgaagaaccg tttacgcaaa 60 
cgtcctgacc taagcttacc actcccacac cgcgacgtcg ctctcgccgt acctctccct 12 0 
ctcccacctc cttcttcctc ttcatccgct ccggcgtctt cctccgcgat ctcaaccaac 180 
atctccgccg ctaaaagctt atccgagcta gaacgagtga accgaategg aageggagee 240 
ggaggaaegg tttacaaagt aatccacact ccgacgtcac gtcctttcgc tctcaaagtg 300 
atttaeggaa accacgaaga tacegtgaga egtcagatet gtagagagat cgagatctta 360 
agaagtgttg atcatccaaa cgttgtgaaa tgtcacgata tgtttgatca taacggtgag 420 
atccaggttt tgcttgagtt tatggatcaa ggatctcttg aaggagctca tatatggcaa 480 
gaacaggaat tagctgatct ctctcgtcag attcttagtg gattagctta tettcategt 540 
egtcatateg ttcatcgtga tatcaaacct tcgaatctcc ttataaactc agctaaaaat 600 
gtgaaaattg ctgattttgg tgtgagtagg atcttggcac aagaaatgga tccttgtaat 660 
gaatctgttg gtactattgc ttatatgagt cctgagagga ttaatactga tttgaatcat 720 
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tctgatgaaa ctataactga gttataatca 
gaactagata aacgcaaaaa catgagcagt 
tggagtgtta aaatatacgg agtgttacac 
agttatttta attaataata ttgtatttaa 
attatttgtt gacaaaaaac agttagttat 
atctcattat tttggtatta ctcagtactc 
gtataattca aatcgaactc acagaagtca 
cagactttag caaggtttgt tttccaacag 
catatatata gctcttaaat ggtatatatt 
ttttctgtaa atttcaaata ttaatctgat 
ttatcatcaa tatatgacat agacagactt 
cttcccagtt gcaagagtaa gctgactagc 
aatggttttt attattgttt tgttgacttt 
cccgtgccaa cttttaatct ccatcgccta 
cgaaatattt aagaccataa tacaaaatta 
atcatttgac aaagcaaagt caatcaaata 
gtttgatagt gttaaatata atcaaatcat 
catttgatag atagataaat gaaagatagc 
ggcaatactt tgttacatca tttctgtttt 
tgtgttcaac ataactagtt ttgaggtaac 
tgttattcag ttgaaagtca tttagatgta 
caatattaac acagcgaata atcattatta 
ttatatattg gagaatcttt ctttagtctt 
aggtatccat ccctattcta tgatagaggc 
accacaaggc ttaagatgaa gtgataatac 
taaatattta tcaaaagaag cttacggtat 
ttatttaatt tcagtggctc gttacgtgaa 
cattaaacac atacataatt atacaagtat 
taaagaaatt accatgacga caaaagataa 
atgcatatgc atgtacaaat gccgctttaa 
aaattctctc tacttcatat atattccaaa 
atatataatc atatattcat attgttatat 
ctgaatgttg tgtatgattt ataatttgag 
ttaatgttac tttattaaaa ttttctaaac 
caacacaata aattttaaaa gtttaatgac 
cctaaaccac aaacaatcta atcttatttc 
ggcttgttct cgtcatatgt acttgtacac 
aaaaactcga aaagagagag atatatgggt 



atccgaaatt atataactaa ttatatttgg 360 
ttcttatttt ttttgtccag atttaaaatt 420 
aatgaaaaca caagaagtca agaacccata 480 
agtgattatt aaaaaataat gtaaaaactg 540 
agttaaatag tattgatgca tatatatact 600 
acatctttaa taaagacaaa gatagttagt 660 
ataagcgcgt aaaaatacaa aaatatctgg 720 
aaatggtcat ttcagaatca tttacatatc 780 
gggtaatggg tattcgttta aataattttg 840 
cagtttatcc atgtgtgtat atttagtgta 900 
tcaagttggt gcaagagggg atgaaaattt 960 
attttttttt tatatataat ttatttctca 1020 
aagtttttgc cttttatggg actgcaatca 1080 
aaaaagaaag aaaaggctac cattatggac 1140 
tacgaatatt ttctgtaact tatatatatg 1200 
aacttcaaag aaattatgag cttataataa 1260 
taaatttagt atttatttca tctcggtttc 1320 
atcgccaata atgaaaaaac tttatttgat 1380 
cttaatttca tgtcgaaata ttgccatgat 1440 
aagttaaaaa tttgttatat tttttgaata 1500 
agtaaaaaca aacataagaa gttaacatat 1560 
caaaaaaaag caaaaaaata gaagaagata 1620 
agttgggaag attttgtgct atgggattaa 1680 
gtggggttat tggaccaatc tatatatatt 1740 
agtattatta ataccctccc aaattatttt 1800 
agatcatact tgcagcatta ttctataagt 1860 
cacaaggtaa gctaatagac ttacgtgccc 1920 
catgaaacta gtgacaaaac ctcgatcaaa 1980 
ttaaaaaaaa aactactata tgtcatactc 2040 
atatttaatt tagttaaagc aatgatattt 2100 
agacatattg tcaaattcct ttttttagtt 2160 
tttcaatatt taatagtaag atggactttc 2220 
atattttgtc ggagatggat atttgacaag 2280 
atttaggtac gaattgactt tttcaaaagt 2340 
ttaacgggtt cacatgggaa acgaaaacac 2400 
cttctttata taaaccgctg tttcccaaaa 2460 
caacccacca aaagagataa aagaggaaac 2520 
gaggtggctt at 2562 
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ctgacagtga acttcattgt tcaagcgagg 
aattaaaatt tcagggttta tgatctctag 
ctaaattctt tttcttcttc tttttcttgt 
aggtgcgata tcgaagagga agcgttatac 
attcggttct tgttcttcta taccttatga 
aaaaaaaaag aaaaaaaaaa aagaagagta 
agacacaaat gaaactggtc caaaaggagt 
acgttgatga atttcaagaa tacttggatt 
agatcgaaat cgggtggtga tttctgagac 
taaatcttaa ttattagact gtttttaatg 
gatttttttt ttttttttgt atgtttggct 
gagcaaaagg cactaatctc acgtaagaaa 
atgtcggttt acataaaccg tatcgtctat 



tgagtttcct atttttcttc ttctcctttc 60 
ggtttaggtt ttattttctt aaactaaacc 120 
aatttccaga tgcactgcga acgctagagg 180 
aggatcatgg gaccaaaata tatcgtatag 240 
gagtagaagt ttttctcttc aagagaaaaa 300 
gaaatttctc tgtgtttttt tttaccaaca 360 
gtgtataatc tctgtggaga cataactaat 420 
atatagatta accctgactc ccttagatag 480 
catacaagtt ctgatcagat tactactaag 540 
gatttttctg ctctaatgat aacgtaatga 600 
tgcagacccg ggtaatgaga agtttggtaa 660 
acactttttt catcaaccat gtatataatc 720 
tcaagaattt agttttgtat aattataata 780 
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$ 6LZ bb:*6bb qqBBoqo6BO BbbbBbBboo oBBqoqoBqq 

09LZ Boqo6qq6BO BBBH^^ee qqqqqqqqqq qqqBqBBBOO BBqqBqqoqB obbo^obB 
00^3 qqBBqqBBqB 6bbBb:hoob b^bb^obobb q6o6qq6BBB qqoqqBOBBB ooq66qooq6 

0V9Z OBqqBqBqBD B6a^6o6BB^ 6b6b6^BB^^ B^BB^BBBBb qBBBqBBOBq B^BBBOBqBO 

OBSZ obbbbbBBbb ooBqqqBoqB b^BBbbb^b BfiBSBoBqqq qBBBqqBBqq qqosqBqBBB 
OZSZ oqoBBBqqBq qqoBoqqBoq qqBsqBqBoB qBqqqqqqqB oqoqBBBrm ^bBb^bbbbb 
09*3 ^^Bb^bb^bb BqBqqBoBBO BBqqqtmqq qqqBBqoBqB BBBBBqqqBO BBBoqBqqoq 

00*2 qqqOOBBBqB BBB^BtmB OOBBqqqqBq BqBBBqqBBB BBBBBBOqOB BB^BB^B^B 

0*€2 qB^BOfiB^Bq q6q66q6qB6 qfiqqqBOBqq qoqoqBBqqB q6BoqBqBqq qqqqB5B6q6 

0832 qqBBBBBqqB qOBBBOB^Bq BBBBBBBBOO qqBBqOBBO} qB^BBqqBOB OBBq600BOq 
0ZZZ 3BBBBBBB3B BB^^B^B^OB BqqOOBqBBB OqBqqBqqBB B06q:m66q BqBBOOB^OO 

09X2 BoqBBooqBq Bobbb^bB bbbbb^bb^o b6}b6}6bbb 6qqoBBB6qq Bo^bobobbb 
00X2 BBBBBBBqqq qBBBoqBoqB BBoBBBBBqq 6oqBq6qqBq bobb6bbbb} qBqqBqBqBq 

0*02 B^BBOOBfiqq BB^OBqqBBq qOBBqqBqqB BBBBBB^BBB BBBBBBOBBo qBBBBBqqOB 

086X BqqBoqqBqB ^b^bbBbb^o bbbB^bboBB qBBBqBqqqq BqqBBqqqoq oqBqBqBqBB 

026X BBBBqO^B^B BB^BBBqq6q qqqoqoqBBq BBBbO^BB qqBOB^BOqB 6qBq6qqBBB 

098X boo^BbBBbb bbBbbbbbbb obbb6bo^^b bBoobbb^bo qqoqBBqBBB BqoqqBqBBq 
008X oBBBfiosqqo qBqooBBBqo qqooBqqqB6 BBBBBqqBBB oBqqBBqBBq q66qqqBqoB 

0*£X BOB6^BBB60 BBB^OqBBqq ^O^bBo^Bbb BBqOBBOO^B qBfiqqqBBBO OBB^Bb^BOB 
089X q^BBOOqq BBBqB^BOoB oq^BqBqOBB ^BqBqOqBBO qOOB^BO^BB BBqqOOBBoq 

029X qBoqBBoqqq oq:mBo6qq BqqBBqooqq Bq6Bo666Bq qBqqoBoBBB BBqqBqBBBB 

09SX BfiqqBqBqBB qq^BBBBBBB 6BBBBBBBBO BBOBBOqBqq qqqOOBOBBB qqBBBqqqBB 

00SX qOqqBqq6Bq 3Bq66BB06B qBOqBBBBBB qBOOBBqqqB qOBBBBqqOO qqOBqqBBBO 

0**X OqooqOOqBB BOqBoqBqqq qqoqBqBB6B BqqqBBBBBB BBBBBBBB}} ^BBq6BBB6B 

08 eX BqqqqBBOBB BOqBBqBqqq qqOBBBBOOq OqBqqBBqqB 6qqqqBBqBq 6qBqoBBOBo 

02€X qooqqoqooq qoBoqooqqq qqqqqBqqqq qBqoBBBqBq ooqoqsqqBB qqBBqoBOBB 
092X BBBqBoqBBq BBoBooBbbB Bq6qq66q6q q6oB66q6qq BqqBBBqBqB BqqB66qBqB 
002X qBBqsoqqBB BBBOoqqqBo OBBBBOBq66 oobBb^bBbB oBqqqoBBBB qBoqoBqoqB 
0*XX oqoBBqBqBB qoqBBBBoBB BqoqoqBBOO qqBBoqoBqB 66BBo6B66q q6qBBB6oqq 
080X B6BBBBqqq6 qoBBBBBqqq BBBBBBOoqB ooqBBOoqBB bbbbbobbo^ BBBOOBqqqB 
020X OBBoqBOBoq bBbbBboobB BoqBqqBBfiB qqBqqqooBO BqBoqqBBBfi qBBBoqqqqo 
096 qB06BBqoBB oqBqqqBqqB qBqqqBBqqq qonBBBqBqB Boq66qBqBD qBBBqBqBqq 
006 obBoob^boB qBoBqBOBqB qqBBBqqqqB qB^BqqoBBq qBoBqqqqqo BBqqqo6B6B 
0*8 BBBBBBOBoq qqqqqqqqB6 Bqqoqqqqfjo qBoBBBqqBB oqqqqoBqoB BBoqqqqqqq 



